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Abstract 
Plant cells contain two kinds of vacuoles: lytic vacuole (LV) and protein storage 
vacuole (PSV). Prevacuolar compartments (PVCs) play important roles in mediating 
protein traffic from Golgi to vacuoles in the plant secretary pathway. When a reporter 
protein containing the transmembrane domain (TMD) and the cytoplasmic tail (CT) 
of BP-80 was expressed in transgenic tobacco cells, it colocalized with vacuolar 
sorting receptor (VSR) proteins in a multivesicular lytic PVC. In contrast, when 
another reporter containing the TMD of BP-80 and CT of a -tonoplast intrinsic 
protein ( a -TIP) was expressed in tobacco plants, it reached the mature PSV and 
colocalized with cytosolic dark intrinsic protein organelles in developing seeds. 
In this study, I test the hypothesis that two distinct PVCs exist in the same plant 
cell. Towards this goal, two reporters linking green fluorescent protein (GFP) with the 
TMD and CT of BP-80 or CT of a -TIP were constructed and expressed in tobacco 
Bright Yellow 2 (BY-2) cells. These two GFP reporters were therefore hypothesized 
to mark lytic PVC and PVC of PS V，respectively, in these transgenic BY-2 cell lines. 
In addition, double-construct cell lines co-expressing one PVC marker with a Golgi 
marker CONST 1-YFP have also been developed. 
Further analysis on transgenic cell lines expressing the GFP- a -TIP CT reporter 
and GFP-BP-80 reporter showed that they had similar PVC properties, including 
vi 
showing punctate signals in living cells, which colocalized with labeling of 
anti-VSRAT-i antibodies but which separated from Golgi marker anti-ManI antibodies 
in confocal immunofluorescence and formed small vacuoles upon wortmannin 
treatment. However, organelles marked by the GFP- a -TIP CT reporter were different 
from lytic PVC marked by the GFP-BP-80 reporter because: the GFP- a -TIP CT 
reporter partially colocalized with anti-VSRAi-i antibodies in wortmannin-treated 
cells and had different sensitivity to Brefeldin A. These results indicated that 
organelles marked by the GFP- a -TIP CT reporter and the GFP-BP-80 reporter in 
transgenic tobacco BY-2 cells might represent two populations of PVCs and 
supported the hypothesis that two distinct PVCs exist in the same plant cell. Future 
study will be carried out to study and identify the organelles marked by the GFP- a 











而建構了兩個與綠色蛋光蛋白（GFP)融合的並分別包含BP-80 T M D 及 C T 或 
a -TIP CT的報告蛋白並將它們轉移入烟草BY-2細胞中表達。我並且假設這兩 
個融合GFP的報告蛋白將分別標記轉基因烟草細胞株中的溶素液泡PVC和蛋 
白貯藏液泡 P V C � 
進一步分析表明GFP-a-TIPCT報告蛋白和GFP-BP-80報告蛋白在轉基因 
烟草細胞內具有相似的PVC特徵’它們包括活細胞中顯示點狀信號，與VSR 
抗體並存但與高爾基甘露糖苷酶（M a n I )抗體分離，並在渥曼青霉素 
( w o r t m a n n i n )處理後形成小液泡°但是G F P - a - T I P CT標記的細胞器不同於 
G F P - B P - 8 0標記的 P V C，因爲G F P - a - T I P CT報告蛋白在渥曼青霉素處理後的 
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Chapter 1 General Introduction 
1.1 The secretory pathway 
The transport of proteins through the secretory pathway begins at the endoplasmic 
reticulum (ER). They are then packaged into transport vesicles and delivered to the 
Golgi complex. At last, they reach their destinations such as the vacuole, the plasma 
membrane or being secreted through the endosome/prevacuolar compartment (PVC). 
The ER, Golgi complex and vacuoles are the major compartments involved in the 
endomembrane systems, where other intermediate compartments and transport vesicles 
are also exist for mediating protein traffic between them (Vitale and Raikhel, 1999; 
Lemmon and Traub, 2000; Hadlington and Denecke, 2000). 
1.1.1 Endoplasmic reticulum 
To enter the secretory pathway, proteins are usually synthesized with a N-terminal 
signal peptide by ribosomes bound on the ER membrane. While the polypeptide is 
emerging into the ER lumen co-translationally, the N-terminal signal peptide is 
removed (Vitale and Denecke, 1999). ER functions as a place for synthesis, 
modification and delivery of correctly folded and assembled proteins to the Golgi 
complex. Proteins, which contain carboxy-terminal sorting signals such as 
His-Asp-Glu-Leu (HDEL) or Lys-Asp-Glu-Leu (KDEL), retain and accumulate within 
the ER (Denecke et al.，1992). 
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1.1.2 Golgi complex 
When passing through the Golgi complex, proteins may undergo further 
modification and then sorted in accordance of their sequence-specific vacuolar sorting 
determinants (Neumann et al., 2003). Receptor mediated transport is found to occur at 
late Golgi compartment. In yeast and mammalian cells, acid hydrolases exit the 
secretory pathway at the late Golgi compartment with the involvement of pH-regulated 
receptor-ligand interactions (Lemmon and Traub, 2000). In plant cells, proteins lacked 
specific retention or sorting signals to a particular secretory organelle will travel along 
the default pathway where proteins are packaged into vesicles that fuse with the plasma 
membrane and then release to cell exterior (Denecke et al., 1990). 
1.1.3 Vacuoles 
Vacuoles of yeast and plant, which equal to lysosomes in mammalian cells, share 
some basic properties. Vacuoles are multifunctional organelles involved in storage, 
osmoregulation, and digestion processes (Neuhaus and Rogers, 1998). Vacuole lumen is 
kept at acidic pH. In plant cells, neutral pH vacuole was also discovered. The vacuole 
functions in plants are dynamic, depending on the developmental stages and 
environmental conditions (Marty, 1999). An organelle, termed PVC or late endosome in 
mammalian cell, is involved in mediating transport of vacuolar proteins between the 
3 
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Golgi complex and the vacuoles. 
1.1.4 Prevacuolar compartment 
Prevacuolar compartments (PVCs) defined as organelles that receive cargo from 
transport vesicles and subsequently deliver them to vacuoles by fusion with the 
tonoplast (Bethke and Jones, 2000). It is a place where mis-sorted proteins can be 
retrieved and sent back to the Golgi complex (Robinson et al.，2000). Identification of 
the PVCs will enable functional definition of their roles (Jiang and Rogers, 1999; Vitale 
and Galili, 2001). In mammalian cells, mannose 6-phosphate receptors (MPRs), a 
receptors involved in mediating protein transport between the Golgi complex and late 
endosomes/PVCs, predominantly concentrated in the late endosomes/PVCs (Griffiths et 
al., 1988)，whereas syntaxin Pepl2p is specifically associated with the PVCs in yeast 
(Pelham, 1999). These proteins served as markers for PVCs. 
4 
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1.2 The secretory pathway in plant cells 
The plant secretory pathway is more complicated than that in yeast or mammalian 
systems. One of the major differences is the existence of two functionally and 
biochemically distinct vacuoles in plant cells: lytic vacuole (LV) and protein storage 
vacuole (PSV) (Jiang and Rogers, 1998; Vitale and Raikhel, 1999; Jauh et al.，1999). 
Evidences showed that LV and PSV could co-exist in the same plant cell (Hoh et al., 
1995; Paris et al., 1996). In addition, different vacuolar targeting signals and different 
sets of transport vesicles are responsible for protein sorting towards either type of 
vacuoles (Figure 1.1) (Koide et al., 1997; Hara-Nishimura et al.，1998; Hinz et al., 1999; 
Jiang and Rogers, 1999; Hadlington and Denecke，2000). 
Sorting signals are necessary for correct targeting of proteins to their 
corresponding vacuoles. Three different types of vacuolar sorting signals have been 
identified (Neuhaus and Rogers, 1998). The first type is N-terminal propeptide (NTPP), 
which contains a Asn-Pro-Ile-Arg (NPIR) consensus amino acid motif including barley 
aleurain (Holwerda et al., 1992) and sweet potato sporamin A (Matsuoka and Nakamura， 
1991). The second type is C-terminal propeptide (CTPP), which do not have concensus 
sequence such as tobacco chitinase A (Neuhaus et a l , 1991) and barley lectin 
(Bednarek and Raikhel, 1991); The last type is internal propeptide including 
phytohemagglutinin and legumin (Neuhaus and Rogers, 1998). In addition, 
5 
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CTPP-mediated transport but not NTPP-mediated transport was inhibited by 
wortmannin in tobacco cells, providing the first evidence of distinct sorting 
mechanisms to vacuoles in the same cell (Matsuoka et al., 1995). 
§ I 銷 I Golgi apparatus � 
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Figure 1.1. Different pathways leading to LV and PSV in plant cells. 
Route 1: Proteins are sorted into CCVs at Golgi apparatus. CCVs carry 
them to lytic PVC and then deliver to LV. 
Route 2: Golgi-derived DVs deliver proteins to PVCs, which then 
release their content to PSV. 
Route 3: PACs or DIP organelles are involved in carrying proteins from 
both Golgi or directly from ER bypassing Golgi to PSV. 
ER, endoplasmic reticulum; LV, lytic vacuole; PSV’ protein storage 
vacuole; CCV, clathrin-coated vesicle; PVC, prevacuolar compartment; 
DV，dense vesicle; PAC，precursor accumulating vesicle; DIP, dark 
intrinsic protein organelle. 
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1.2.1 The secretory pathway in yeast and mammalian cells 
Due to the importance of the secretory pathway in biological processes, extensive 
studies have been performed on defining the pathways and the intermediate 
compartments as well as identifying the coat proteins, membrane components and 
regulatory factors that are required for sorting. Among all the eukaryotic systems, 
studies in mammalian cells and model organisms, particularly in yeast, is in advance 
(Lemmon and Traub，2000). 
Acid hydrolases synthesized at the ER and exit the secretory pathway at the late 
Golgi compartment involving pH-regulated receptor-ligand interactions and transport 
vesicle targeting, is a well-established process for yeast and mammalian cells 
(Robinson et al., 2000). Receptor mediated transport is found to be occurred at the 
trans-Go\%\ network (TGN)，and acid hydrolases were packaged into clathrin-coated 
vesicles (CCVs) (Le Borgne and Hoflack, 1998; Conibear and Stevens, 1998; Lemmon 
and Traub, 2000). . 
In mammalian cells, lysosomal hydrolases are posttranslationally modified by the 
addition of mannose 6-phosphate groups in Golgi complex. These mannose 
6-phosphate groups serve as signals for sorting to lysosomes (Komfeld, 1992). 
Mannose 6-phosphate receptors (MPRs) in the TGN recognize and bind to the sorting 
signals, and mediate recruitment of the lysosomal hydrolases into CCVs (Le Borgne 
and Hoflack, 1998). The MPR-hydrolase complexes are delivered to endosomes, where 
7 
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the acidic pH of endosomes induces release of the hydrolases from the MPRs 
(Puertollano et al.，2001). After that, the hydrolases are transported to lysosomes while 
the MPRs return to the TGN for another cycle of sorting (Hirst et a l , 1998). Similar 
mechanism is found for the sorting of carboxypeptidase Y to the vacuole in yeast, 
where VpslOp served as the sorting receptor (Cooper and Stevens, 1996). 
1.2.2 The lytic pathway in plant cells 
Similar to the yeast and mammalian systems, plant proteins enter the lytic pathway 
from the ER and leave the Golgi apparatus by binding with vacuolar sorting receptor 
(VSR), which mediate protein transport to lytic PVCs by helping protein packaging into 
CCVs (Hinz et al., 1999). Recently, a family of VSR protein has been identified (Paris 
et al., 1997; Shimada et al., 2002; Shimada et al., 2003). VSR homologues found in pea, 
BP-80 and Arabidopsis, AtELP localized to CCVs (Ahmed et a l , 1997; Sanderfoot et 
al., 1998; Hinz et al., 1999). 
BP-80 was the first VSR identified (Kirsch et al., 1994). Its N-terminal domain 
binded specifically to the NTPP of barley proaleurain (Paris and Neuhaus, 2002). 
Interestingly, when BP-80 was expressed together with green fluorescent protein (GFP) 
fused to the vacuolar sorting determinant of petunia proaleurain in yeast mutant strain 
defective in vacuolar receptor VpslOp, BP-80 caused the GFP reporter to reach the 
8 
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yeast vacuole. However, BP-80 did not cause a GFP fused with tobacco chitinase 
determinant to reach the yeast vacuole under the same condition (Humair et al.，2001). 
BP-80 was located to Golgi apparatus and putative lytic PVC in root tip and 
cotyledon cells of pea at electron microscopic immunocytochemistry (immunoEM) 
level (Paris et al., 1997). Similarly, the BP-80 homolog AtELP was also located to 
Golgi apparatus and putative PVCs in Arabidopsis root tip cells (Sanderfoot et al., 
1998). 
Functional characterization of BP-80 was carried out using chimeric reporter 
systems. A secreted form of cysteine protease proaleurain lacking vacuolar targeting 
determinants was used as a reporter in tobacco suspension culture protoplasts (Jiang 
and Rogers, 1998). When expressed the reporter attaching transmembrane domain 
(TMD) and cytoplasmic tail (CT) of BP-80 in tobacco cells, the proaleurain was 
proteolytically processed into mature form and separated from membrane association, 
which presumably occurred in lytic PVC/LV. Additionally, this reporter was colocalized 
with endogenous tobacco VSR protein by immunolabeling. This VSR protein and so as 
the reporter protein were predominantly concentrated on the lytic PVCs (Li et al., 
2002). 
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1.2.3 The protein storage vacuole pathway in plant cells 
Protein storage vacuole (PSV) is a unique vacuole for plants. Evidences showed 
that PSV could be developed by transformation of pre-existing LV (Jauh et al., 1998)， 
or originated de novo in developing seed and germinating seedlings (Hoh et al., 1995; 
Paris et al., 1996). PSV could be distinguished from the LV by the presence of different 
tonoplast intrinsic protein (TIP) isoforms, which function as water channels. It was 
proposed that different TDPs might serve as markers for different types of vacuoles. 
Generally, y -TIP is found on the LV, while a -TIP and 8 -TIP on the PSV (Paris et 
al., 1996; Jauh et al., 1999). 
CTPP and internal propeptides are thought to be signal sequences for proteins 
reaching PSV. Deletion of C-terminal residues in phaseolin of legumes resulted in loss 
of PSV targeting (Frigerio et al., 1998). Proteins containing these sorting determinants 
such as tobacco chitinase are found to locate in PSV (Di Sansebastiano et al., 1998). 
Studies on the vacuolar transport of a -TIP may also give clues to protein sorting in 
the PSV pathway. The attachment of a -TIP CT to the reporter containing mutated 
proaleurain and TMD of BP-80 redirected the reporter to PSV bypassing the Golgi 
complex (Jiang and Rogers, 1998). Further studies showed that this reporter was 
localized to organelle marked by dark intrinsic protein (DIP) in root tip cells and 
developing seed of tobacco (Jiang et al., 2000). 
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Several putative PVCs have been discovered which appear to use different routes 
for carrying proteins to PS V. Storage proteins like globulins and lectins of legumes are 
sorted at cw-Golgi before they are transported to dense vesicles (DVs) for PSV 
targeting (Hinz et a l , 1999). Unlike the situation in legume seeds, some of the storage 
proteins in pumpkin seeds are sorted at the ER level (Mitsuhashi et al., 2001). 
Aggregates of storage proteins as well as vacuolar membrane proteins in pumpkin 
seeds are packed into precursor-accumulating (PAC) vesicles and delivered to PSV 
from the ER bypassing the Golgi (Hara-Nishimura et al., 1998). 
Multivesicular bodies (MVBs) found in developing pea cotyledons have also been 
postulated as PVCs for PSVs (Hara-Nishimura et al., 1998; Robinson et al., 1998). 
MVBs are filled with storage globulins and proposed to fuse with PSV for the delivery 
of cargo proteins. DIP organelles in developing tobacco seeds and root tip cells, may 
also serve as PVCs for both ER- and Golgi-derived proteins leading to PSVs (Jiang et 
al., 2000). 
Although putative PVCs for PSVs have been discovered for years, its biological 
functions remains unclear (Robinson et al., 2000). In order to elucidate the intermediate 
compartments in the secretory pathway, specific markers for individual organelles are 
needed. 
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1.3 Dynamic studies between organelles 
Green fluorescent protein (GFP) was discovered in jellyfish Aequorea Victoria 
(Chalfie et al., 1994). It is an intrinsically fluorescent protein, which allows direct in 
vivo observation of the biogenesis and dynamics of organelles in the secretory pathway 
(Nebenfuhr et al., 1999; Ritzenthaler et al., 2002), as well as the transport of proteins in 
and between living cells for determinating protein's function and localization expressed 
in transgenic plants (Mitsuhashi et al., 2000; Benghezal et al., 2000; Sohn et al., 2003). 
Technological progresses in light microscopy such as confocal microscopy, 
combined with developments in immunolabeling and fluorescent protein technology 
have revolutionized the study of cell biology (Brandizzi et al., 2002a; Follet-Gueye et 
al., 2003). Fusion of GFP with ER retention signal in transgenic Arabidopsis (Hawes et 
al., 2001; Matsushima et al., 2002) or Golgi-targeted proteins in tobacco Bright Yellow 
2 (BY-2) cells has been shown to exhibit characteristic fluorescence (Brandizzi et al., 
2002b). By using confocal microscopy and GFP fusion proteins expressed in transgenic 
tobacco BY-2 cells, individual Golgi stacks are visualized and revealed as highly 
mobile in plant cells (Nebenfuhr et al., 1999). 
Making use of fluorescent protein chimeras, such as GFP and yellow fluorescent 
protein (YFP), ER-to-Golgi membrane protein transport was observed under confocal 
microscopy by selective photobleaching technique (Brandizzi et al., 2002b). Recently, a 
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YFP fusion reporter containing the BP-80 TMD and CT was expressed in transgenic 
BY-2 cells and found to preferentially locate on lytic PVC and thus served as a marker 
for functional study of lytic PVCs (Tse et al., 2004). 
1.4 Obj ectives of this thesis research 
Identification and characterization of plant PVCs have been challenging due to the 
complexity of plant vacuolar systems and the existence of multiple vesicular sorting 
pathways (Jiang and Rogers, 1999). In addition, as most of the endomembrane systems 
are dynamic and can change morphologically and functionally to suit the needs of cells 
(Bethke and Jones, 2000)，an appropriate experimental system has to be chosen for the 
dynamic study of individual compartment in living plant cells. 
Previous experiments demonstrated that GFP-fusion proteins are ideal tools to 
study the dynamics of ER (Hawes et a l , 2001; Matsushima et al., 2002), Golgi 
(Nebenfuhr et a l , 1999; Brandizzi et a l , 2002b) and vacuoles (Kutsuna and Hasezawa, 
2002). Among the plant expression systems, tobacco BY-2 cells were frequently used 
for the investigation of subcellular localization of proteins and dynamics of organelles 
in the secretory pathway through GFP tagging (Mitsuhashi et al., 2000; Nebenfuhr et a l , 
2000; Kutsuna and Hasezawa，2002). The popular use of BY-2 cells is mainly due to 
their easily transformable, rapidly grown, highly synchronized and homogeneity 
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properties (Geelen and Inze, 2001). 
A recent study showed that a reporter linking YFP with TMD and CT of BP-80 
served as a marker for lytic PVC in transgenic tobacco BY-2 cells (Tse et al., 2004). 
Such a result confirmed that BP-80 TMD/CT directed a reporter to the lytic PVC. In 
addition, the a-TIP CT reporter may serve as markers for PVC leading to PSV (Jiang 
and Rogers, 1998; Jiang et a l , 2000). Thus, the general goal of this thesis research is to 
test the hypothesis that plant cells contain two PVCs by developing new marker for 
defining PVC leading to PSV. 
Specific objectives include the following: 
1. To generate a new GFP fusion containing the BP-80 TMD and the a -TIP CT 
that is hypothesized to be a marker for PVC leading to PSV; 
2. To generate transgenic tobacco BY-2 cell lines expressing the reporter; 
3. To characterize the reporter in transgenic BY-2 cell lines via confocal 
immunofluorescence and drug treatments; 
4. To co-express the reporter with a Golgi marker in the same transgenic BY-2 
cell lines so that the dynamic relationship between PVC and Golgi can be 
studied in living cells. 
14 
Chapter 2 
Development of Transgenic Cell Lines 
Expressing PVC and Golgi Markers 
Chapter 1 General Introduction 
2.1 Introduction 
Prevacuolar compartments (PVCs) play important roles in mediating protein 
traffic from Golgi apparatus to vacuoles in the plant secretory pathway. Identification 
and characterization of plant PVCs have been challenging due to the complexity of the 
plant vacuolar systems and existence of multiple vesicular transport pathways (Jiang 
and Rogers, 1999). Although putative PVCs such as multivesicular bodies in 
developing pea seeds for protein storage vacuole (PSV) (Hara-Nishimura et al., 1998) 
and lytic PVC in pea and tobacco cells for lytic vacuole (LV) have been identified 
(Paris et al” 1997; Tse et al., 2004), the nature of PVCs remains unclear because 
unambiguous markers for morphological and functional definition of PVCs have yet to 
be identified. 
2.1.1 Putative PVC marker 
BP-80 is a plant vacuolar sorting receptor (VSR) that contains a transmembrane 
domain (TMD) and cytoplasmic tail (CT). a -tonoplast intrinsic protein ( a -TIP) is a 
membrane protein marks the tonoplast membrane of PSV (Jauh et al., 1999). Previous 
experiments have demonstrated that fusion proteins containing the TMD and CT of 
BP-80 or CT of a -TIP directed the fusion proteins to lytic PVC/LV and PSV 
respectively (Jiang and Rogers, 1998). The reporter linking with BP-80 TMD and CT 
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was colocalized with VSR proteins and predominantly concentrated on lytic PVCs (Li 
et a l , 2002). In addition, a reporter linking yellow fluorescent protein (YFP) with TMD 
and CT of BP-80 has been found to be a marker for lytic PVCs (Tse et al., 2004). On 
the other hand, the reporter fusion protein containing TMD of BP-80 and CT of a -TIP, 
it reached mature PSV (Jiang and Rogers, 1998) and colocalized with cytosolic dark 
intrinsic protein organelles in developing seeds (Jiang et al., 2000). Thus, it might be a 
marker for PVC leading to PSV. I will test this hypothesis in this study. 
2.1.2 Golgi marker 
The Golgi apparatus is a key organelle in the plant secretory pathway. This is 
supported by the fact that numerous regulatory proteins are structurally and functionally 
linked to the Golgi and the “/ra/w-Golgi network" (Sanderfoot and Raikhel, 1999). 
Extensive studies on the dynamic behavior of plant Golgi apparatus have been carried 
out using fluorescent protein-tagging method. 
CONST 1-YFP fusion construct (Baldwin et al., 2001) was expressed in Bright 
Yellow 2 (BY-2) suspension cultured cells (Tse et al., 2004). This fusion reporter 
expressed as characteristic punctate fluorescent signal just as it is known to be a large 
number of independent Golgi stacks randomly distributed throughout the cytoplasm in 
plant cells. 
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2.1.3 Dynamic studies 
When the soybean a -1,2 mannosidase-green fluorescent protein (Manl-GFP) 
fusion construct was expressed in BY-2 cells, it exhibited typical Golgi punctate signal 
pattern (Nebenfuhr et a l , 1999). By using confocal microscopy, individual stacks were 
revealed to be highly mobile within plant cell and moving over endoplasmic reticulum 
(ER) on an actin-network in stop-and-go movement (Boevink et al., 1998; Nebenfuhr et 
al., 1999). Besides Golgi apparatus, most of the endomembrane systems in the 
secretory pathway are dynamic. By expressing a vacuolar membrane marker 
GFP-AtVam3p and a microtubules marker GFP-tubulin fusion protein, the dynamic 
relationship between vacuoles and microtubules was investigated (Kutsuna and 
Hasezawa, 2002). Recently, lytic PVC was identified and found to be mobile in tobacco 
BY-2 cells (Tse et a l , 2004). However, little is known about the dynamic relationship 
between PVCs and other organelles. 
2.1.4 Cell culture study 
GFP localized to nucleus and cytoplasm when it was expressed alone in tobacco 
BY-2 cells (Nakagami et a l , 2002; Yamaguchi et al., 2002). When GFP is tagged with 
various signals, it was localized to different organelles and gave characteristic 
fluorescent patterns (Mitsuhashi et al., 2000). Even in the same cell line expressing the 
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same construct, fluorescent patterns were found to change according to the culture time 
due to proteolytic degradation occurred (Mitsuhashi et al., 2000). Thus, cell culture 
study can avoid misinterpretation of fluorescent patterns from degraded fusion proteins. 
In this study, putative PVC markers for LV and PSV were developed by expressing 
a reporter fusion protein linking GFP either with the TMD and CT of BP-80, which 
termed GFP-BP-80 reporter, or with BP-80 TMD and a -TIP CT, which termed GFP- a 
-TIP CT reporter, in tobacco BY-2 cells. In addition, transgenic BY-2 cell line stably 
expressing the Golgi marker construct, GONSTl-YFP (Baldwin et al., 2001; Tse et al., 
2004) was well-established in our laboratory. In order to study the dynamic relationship 
between Golgi and PVCs, a construct containing GFP with BP-80 TMD and BP-80 or 
a -TIP CT, which is a PVC marker, were co-expressed with the Golgi marker construct 
in tobacco BY-2 cells. In the following sections, transgenic cell lines expressing one 
construct were termed single-construct cell line, while those co-expressing two 
reporters were termed double-construct cell lines. 
Toward the goal, I have generated several single-construct and double-construct 
cell lines and further screened transformants via fluorescence and confocal microscopy. 
With appropriate combinations of excitation and emission wavelength, two fluorescent 
proteins marking distinct organelles in living double-construct cell lines would be 
observed simultaneously. Cell culture study was also performed to elucidate the 
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expression patterns ofGFP r ^ d r t ^ in single-construct cell lines. 
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2.2 Materials and Methods 
2.2.1 Plant material 
Tobacco {Nicotiana tabacum) BY-2 cells were cultivated in suspension using 
Murashige and Skoog (1962) medium (MS medium: 4.3 g/L M&S salts, 100 mg/L 
myo-inositol, 1 mg/L thiamine, 0.2 mg/L 2,4D, 255 mg/L KH2PO4, 30 g/L sucrose, pH5) 
with constant shaking, 100 rpm, at room temperature. Cells were maintained in log 
phase by subculturing weekly into fresh medium at a dilution of 1:50. Two different cell 
lines were used: 1) wild-type (WT) cells; 2) cells transformed with a GONSTl-YFP 
fusion construct (Figure 2.1) that locates at the trans-Go\g\ (Baldwin et al.，2001; Tse et 
al., 2004). 
pGONSTl-YFPK 
RB I LB 
M - CaMV 35S pro GONSTl YFP NOS • K -J—^ 
Figure 2.1. pGONSTl-YFPK construct. 
RB, right border; CaMV 35S pro, Cauliflower mosaic virus 35S promoter; GONSTl, 
GONSTl cDNA; YFP, yellow fluorescent protein; NOS, Nos terminator; K， 
kanamycin resistance gene; LB, left border. 
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2.2.2 Construction of fusion reporters 
2.2.2.1 Cloning materials 
Bacteria Escherichia coli strain DHSa (Invitrogen, Carlaland, CA) was used as 
host for plasmid manipulation. Restriction enzymes and other modifying enzymes were 
bought from New England Biolabs Inc. (Beverlu, MA) or Promega Biosciences 
(Madison, WI). Experiments were performed following manufacturer's directions. 
2.2.2.2 Vector preparation 
For Agrobacterium-mQ6\dXQ(\ transformation of tobacco BY-2 cells, two binary 
vectors were chosen: pBI 121 (Clontech, California, USA), for kanamycin resistant 
reporters, and pCAMBIA3300NH modified from binary vector pCAMBIA 3300 
(GAMBIA, Canberra, Australia), for hygromycin resistant reporters. 
The binary vector pCAMBIA3300NH (Figure 2.2) was made by replacing the 
phosphinothricin resistance gene of pCAMBIA 3300 with hygromycin resistance gene 
came from pCAMBIA 3 (GAMBIA, Canberra, Australia), and cloned between two 
Xhol sites. It also obtained its NOS-terminal sequence from pBI 221 (Clontech, 
California, USA) cloned between the Sad site and EcoRI site. 
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PBI 121 pCAMBIA 3 
Sad EcoRI Xhol Xhol 
|NOS|  / \ 
Sad EcoRl Xhol 





Sad EcoRI Xhol Xhol 
RB LB 
M — — N O S Hyg — j h - l 
Figure 2.2. Construction of pCAMBIA3300NH. 
Nos terminator from pBI 221 was cloned into binary vector pCAMBIA3300 between 
the Sad site and EcoRI site. The phosphinothricin resistance gene between two Xhol 
sites in the same construct was replaced by hygromycin resistance gene from 
pCAMBIA 3 and resulting in pCAMBIA3300NH construct. RB, right border; NOS, 
Nos terminator; Hyg, hygromycin resistance gene; Pho, phosphinothricin resistance 
gene; LB, left border. 
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2.2.2.3 Cloning of pGFP-BP-80K and pGFP-BP-80H 
To generate the pGFP-BP-80K and pGFP-BP-80H constructs, the proaleurain 
sequences in pLJ491 construct (Jiang and Rogers, 1998) was first substituted for by the 
GFP, which is amplified through polymerase chain reaction using pGmManl::GFP 
(obtained from A. Neberfuhr, University of Colorado) (Nebenfuhr et al., 1999) as 
template, with primer SMI (5，-CGCGGATCCATGGCCCACGCCCGCGTCCT 
CCTCCTGGCGCTCGCCGTCCTGGCCACGGCCGCCGTCGCCGTCGCCAGCAA 
GGGCGAGGAGCTGTTCACC-3') containing a BamHI site, a proaleurain signal 
peptide (Holwerda et al., 1992) and start codon before the coding region of GFP and 
primer CM2 (5'-CCGGAATTCCTTGTACAGCTCGTCCATGCCGTG-3') containing 
a EcoRI site. After confirmation of the fidelity of the new construct, termed 
pGFP-BP-80 (Figure 2.3)，by digestion and mapping, and DNA sequencing using ABI 
PRISM 3100 Genetic Analyzer, the new construct was subcloned with Hindlll and S a d 
into pBI 121 and pCAMBIA3300NH. The final constructs were termed pGFP-BP-80K 
(Figure 2.4) and pGFP-BP-80H (Figure 2.5) respectively. 
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Hindlll BamHI EcoRI Sad 
CaMV 35S pro | s p | GFP | E 丨 S  
Figure 2.3. Construction of pGFP-BP-80. 
PCR product with signal peptide and green fluorescent protein linked between 
BamHI site and EcoRI site was cloned into pLJ491 by replacing the proaleurain 
sequences and resulting in pGFP-BP-80 construct. CaMV 35S pro, Cauliflower 
mosaic virus 35S promoter; SP, signal peptide; GFP, green fluorescent protein; E, 
FLAG epitope tag; S, spacer; TMD, transmembrane domain; CT, cytoplasmic tail. 
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pGFP-BP-80 
Hindlll BamHI EcoRI Sad 
1 CaMV 35S pro | s p | GFP | E | S ^ [ ( B S O j  
/ 
Hindlll Sad 
I-H 1" NOS K _ I _ 
RB — LB 
pBI 121 
\  
pGFP-BP - 80K 
Hindlll BamHI EcoRI Sad EcoRI 
CaMV 35S pro | SP GFP | E | S ^ [ ( B S O J N0S|-|1C|+1 
Figure 2.4. Construction of pGFP-BP-80K. 
DNA fragment from pGFP-BP-80 was subcloned into pBI 121 between the 
Hindlll and Sad sites resulting in pGFP-BP-80K construct. RB, right border; 
CaMV 35S pro, Cauliflower mosaic virus 35S promoter; SP, signal peptide; GFP, 
green fluorescent protein; E，FLAG epitope tag; S, spacer; TMD, transmembrane 
domain; CT, cytoplasmic tail; NOS, Nos terminator; K, kanamycin resistance 
gene; LB, left border. 
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pGFP-BP-80 
Hindlll BamHI EcoRI Sad 
1 C a M V 3 5 S p r o | S P | GFP | E | S ^ I C B S O J  
/ 
Hindlll Sad 
P H 1- N O S H _ I — I 




Hindlll BamHI EcoRI Sad EcoRI 
RB _ _ L B 
C a M V 3 5 S p r o | SP| GFP | E | S 職 I W 
Figure 2.5. Construction of pGFP-BP-80H. 
DNA fragment from pGFP-BP-80 was subcloned into pCAMBIA3300NH 
between the Hindlll and Sad sites resulting in pGFP-BP-80H construct. RB, right 
border; CaMV 35S pro, Cauliflower mosaic virus 35S promoter; SP，signal 
peptide; GFP, green fluorescent protein; E，FLAG epitope tag; S，spacer; TMD, 
transmembrane domain; CT, cytoplasmic tail; NOS, Nos terminator; H, 
hygromycin resistance gene; LB, left border. 
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2.2.2.4 Cloning ofpGFP- a -TIPH 
The proaleurain sequences in pLJ526 construct (Jiang and Rogers, 1998) was 
substituted by GFP from pGFP-BP-80 using the BamHI and EcoRI sites. The new 
construct, termed pGFP- a -TIP (Figure 2.6)， was then subcloned into 
pCAMBIA3300NH via Hindlll and Sad sites and resulted in the pGFP- a -TEPH 
construct (Figure 2.7). 
SP GFP 
I \ 
BamHI EcoRI  




Hindlll BamHI EcoRI Sad 
1 CAMV 35S pro | s p | GFP | E | S  
Figure 2.6. Construction of pGFP- a -TIP. 
PCR product with signal peptide and green fluorescent protein linked between 
BamHI site and EcoRI site was cloned into pLJ526 by replacing the proaleurain 
sequences and resulting in pGFP- a -TIP construct. CaMV 35S pro, Cauliflower 
mosaic virus 35S promoter; SP, signal peptide; GFP, green fluorescent protein; 
E，FLAG epitope tag; S, spacer; TMD, transmembrane domain; CT, 
cytoplasmic tail. 
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pGFP-a-TIP 
Hindlll BamHI EcoRI Sad 
1 CaMV35Spro |sp| GFP | E 丨 S 口 。 “ ? 」 
/ 
Hindlll Sad 
I—I 1函 NOS i T I — I 
RB " " LB 
pCAMBIA3300NH  [  
pGFP - a-TIPH 
Hindlll BamHI EcoRI Sad EcoRI 
RB 1 I _ _ L B 
L H ~ | CaMV35Spro |sp| GFP | E | S NOS 
Figure 2.7. Construction of pGFP-a-TIPH. 
DNA fragment from pGFP- a -TIP was subcloned into pCAMBIA3300NH 
between the Hindlll and Sad sites resulting in pGFP- a -TIPH construct. RB, 
right border; CaMV 35S pro, Cauliflower mosaic virus 35S promoter; SP, signal 
peptide; GFP, green fluorescent protein; E, FLAG epitope tag; S, spacer; TMD, 
transmembrane domain; CT, cytoplasmic tail; NOS, Nos terminator; H, 
hygromycin resistance gene; LB, left border. 
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2.2.3 Transformation of tobacco BY-2 cells 
2.2.3.1 Agrobacterium transformation 
Expression vectors containing different fusion reporters were introduced into 
Agrobacterium tumefaciens strain LBA4404 individually by electroporation. A 40- (i 1 
aliquot of bacterial competent cells was first thawed on ice. They were mixed with 1 ng 
plasmid DNA and incubated on ice for 1 min. The mixture was transferred to a 
pre-chilled electroporation cuvette (Bio-Rad, Hercules, CA) and electroporated with a 
Gene Pulser (Bio-Rad, Hercules, CA) set to 25 /z F, 2.5 kV and 600 ohms. 
1 ml of SOC medium (2% bacto-trypton, 0.5% bacto-yeast extract, 10 mM NaCl, 
2.5 mM KCl, 10 mM MgCl2, 10 mM MgSCU and 200 mM glucose) was added 
immediately after a pulse applied. Resuspended bacterial culture was shaken at 28�C 
for 1.5 hours and then plated onto 1 % LB agar (10 g/L bacto-trypton, 5 g/L bacto-yeast 
extract and 10 g/L NaCl) supplemented with 20 mg/L rifampicin, 100 mg/L 
streptomycin and 50 mg/L kanamycin. The plate was incubated at 28°C for 2 to 3 days 
until transformants grown into colonies. 
2.2.3.2 BY-2 cell transformation 
A 4-ml aliquot of 3-day-old WT BY-2 suspension-cultured cells was inoculated 
with 150 ii\ of an overnight culture of transformed A. tumefaciens. After 2-day 
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co-cultivation at 28°C in dark, cells were washed three times with 20 ml of MS medium, 
and plated onto 1 % MS agar supplemented with 250 mg/L cefotaxime and 50 mg/L 
kanamycin or 50 mg/L hygromycin according to the construct introduced. Cells were 
incubated at 26°C in dark for 2 to 3 weeks until transformants grown into calli. 
2.2.4 Screening of transgenic BY-2 cells 
2.2.4.1 Killing curve study 
After co-cultivation with A. tumefaciens, suspected transformants have to be 
grown on MS agar plate supplemented with suitable concentration of antibiotics in 
order to select for truly transformed BY-2 cells. 50 mg/L kanamycin was used for 
selection of cells expressing GFP-BP-80 reporter (Tse et al., 2004), but killing curve 
study has to be done for cells expressing hygromycin gene. 
For single-construct cell lines, to determine a minimum concentration of 
hygromycin to be used for killing the WT BY-2 cells but effectively selected for 
transformed cells, a killing curve study was carried out. Various concentrations (7.5 
mg/L，15 mg/L, 30 mg/L, 50 mg/L and 70 mg/L) of hygromycin were used in the test 
by adding into a six-well plate filled with 1 % MS agar. Approximately same amount of 
WT BY-2 cells were cultured on the agar with different antibiotic concentration. The 
plate was then incubated at 26°C in dark for 2 to 3 weeks and later assessed according 
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to the degree of cell growth and cell viability. 
For double-construct cell lines, a killing curve study determined the minimum 
concentration of antibiotics to be used for killing BY-2 cells expressing GONST 1-YFP 
but effectively selected for transformed cells was carried out. Various concentrations 
(7.5 mg/L, 15 mg/L, 30 mg/L, 50 mg/L and 70 mg/L) of hygromycin were used in the 
test by adding into a six-well plate filled with 1 % MS agar supplemented with 50 mg/L 
kanamycin. Approximately same amount of cells expressing GONST 1-YFP were 
cultured on the agar with different antibiotic concentration. The plate was then 
incubated at 26°C in dark for 2 to 3 weeks and later assessed according to the degree of 
cell growth and cell viability. 
2.2.4.2 Antibiotic selection 
After killing curve study, transformed cells that appeared as calli on MS agar plate 
were transferred and cultured onto new MS plate supplemented with 50 mg/L 
cefotaxime and 50 mg/L kanamycin and/or 50 mg/L hygromycin. Each callus was 
cultured independently and each of them represented one cell line. Calli were 
subcultured onto MS agar supplemented with 50 mg/L kanamycin and/or 50 mg/L 
hygromycin. 3-day-old calli were used for further screening using fluorescence and 
confocal microscopy. 
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2.2.4.3 Fluorescence microscopy screening (For single-construct cell 
lines) 
Half of the 3-day-old callus was resuspended in 200 fi 1 MS medium for 
observation under microscope. Fluorescence microscopy screening was performed 
using an inverted Eclipse TE300 microscope (Nikon, Tokyo) installed with a 
fluorescein isothiocyanate (FITC) filter set. In order to rate the signal intensity, 5+ was 
given to those could show strong signals at 20% gain and laser power in confocal 
microscope at single GFP setting (described in Table 2.1a); 4+ for those showed strong 
signals at 25% gain and laser power; 3+ for those showed strong signals, 2+ for weak 
signals and 1+ for very weak signals at 30% gain and laser power; 0 represented no 
signals could be observed. Cell lines with strong green fluorescent signals were selected 
for making suspension culture and confocal imaging. 
2.2.4.4 Confocal laser scanning microscopy (CLSM) screening 
(for double-construct cell lines) 
Half of the 3-day-old callus was resuspended in 200 fi 1 MS medium for 
observation under microscope. CLSM screening was performed on a Bio-Rad Radiance 
2100 system (Maylands Avenue, Hemel Hempstead) with LaserSharp2000 software 
(Bio-Rad, Maylands Avenue, Hemel Hempstead) using an inverted Eclipse TE300 
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microscope (Nikon, Tokyo) with a 60X oil immersion objective (Nikon, Tokyo). 
Under the condition of double construct setting (Table 2.1c): 457 nm excitation for 
GFP and 514 nm excitation for YFP with 470/490-nm bandpass filter for GFP imaging 
and 565/625-nm bandpass filter for YFP imaging. Signal intensity was determined and 
divided into six levels: 5+ was given to those showed strong signals at 70% GFP, 30% 
YFP gain and laser power; 4+ for those showed strong signals at 80% GFP, 35% YFP 
gain and laser power; 3+ for those showed strong signals, 2+ for weak signals and 1+ 
for very weak signals at 90% GFP, 40% YFP gain and laser power; 0 represented no 
signals could be observed. Cell lines with strong signals from both GFP and YFP were 
selected for making suspension culture and confocal imaging. 
Table 2.1. Confocal settings for fluorescent protein detection. 
Target Applied Emission 
fluorescent excitation wavelength  
protein wavelength (nm) detected (nm) 
a) Single GFP setting GFP 488 500-530 
b) Single YFP setting YFP 514 525-565 
c) Double construct setting GFP 457 470-490  
YFP 514 565-625 
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2.2.5 Detection of fluorescent protein expression 
2.2.5.1 Confocal imaging 
Transformed cell lines expressing fluorescent reporter proteins were analyzed at 3 
days after subculture. All images were obtained on a Bio-Rad Radiance 2100 system 
(Maylands Avenue, Hemel Hempstead) with LaserSharp2000 software (Bio-Rad, 
Maylands Avenue, Hemel Hempstead) using an inverted Eclipse TE300 microscope 
(Nikon, Tokyo) with a 60X oil immersion objective (Nikon, Tokyo). 
For single-construct cell lines, excitation lines of an argon-ion laser of 488 run 
were used with a 500/530-nm bandpass filter as GFP imaging. The GFP images were 
pseudocolored in green. For double-construct cell lines, excitation lines of an argon-ion 
laser of 457 nm for GFP and 514 nm for YFP were used with 470/490-nm bandpass 
filter for GFP imaging and 565/625-nm bandpass filter for YFP imaging. In this case, 
the GFP images were pseudocolored in green and the YFP images were pseudocolored 
in red. In superimposition of GFP and YFP images, it resulted in yellow where the 
green and red overlap. Any crosstalk and bleed-through of fluorescence were 
minimized in such setting. Untransformed WT BY-2 cells were used as control. All 
images collected were processed with Adobe Photoshop 7.0 software (San Jose, CA, 
U.S.A.). 
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2.2.5.2 Protein extraction and subcellular fractionation 
5 ml of 2 to 3-day-old transgenic cells that were collected by vacuum filtration and 
frozen by liquid nitrogen were homogenized with a mortar and pestle in 200 [i 1 5X 
protein extraction buffer (250 mM Tris-HCl, pH 7.4，750 mM NaCl, 5 mM EDTA，0.5 
mM PMSF and 25 [i g/ml leupeptin). The homogenate was centrifliged at 14,000 rpm 
for 15 min. Supernatant was mixed with 1% SDS and boiled at 100°C for 10 min. This 
was termed cell soluble (CS) fraction. The pellet after centrifuge of homogenate was 
resuspended with 200 ji 1 IX protein extraction buffer and boiled at 100�C for 10 min 
after mixing 1% SDS. It was then centrifliged at 14,000 rpm for 15 min and the 
supernatant collected was termed as cell membrane (CM) fraction. 
2.2.5.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) 
Proteins in CS and CM fractions were separated by electrophoresis on a 12% 
SDS-PAGE gel in electrode buffer (0.025 M Tris, 0.19 M glycine and 0.1% SDS, 
pH8.3). Before loading of protein samples, they were mixed with 5X sample loading 
buffer (0.0625 M Tris-HCl, pH 6.8，5% SDS, 1% {3 -mer, 10% glycerol, 0.01% 
bromophenol blue) and heated at 99�C for 5 min. Electrophoresis was performed at 
lOOV for 1 hr and 30 min. 
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2.2.5.4 Western blot analysis 
Proteins on SDS-PAGE gel were transferred electrophoretically to a nitrocellulose 
membrane (0.45 f im. Bioscience, Dassel, Germany) in modified Dunn carbonate 
transfer buffer (10 mM NaHCOs and 3 mM NazHCOs) using Mini Trans-Blot cell 
(Bio-Rad, Hercules, CA) at 45V for 75 min. The membrane was then incubated in 
blocking buffer (IX PBS, 1% slim milk powder) at room temperature for 6 h. After 
having three 15-min washes in PBST, it was incubated with 4 ji g/ml primary antibody 
at 4°C overnight. The membrane was washed with PBST for 15 min for three times 
again, and incubated with horseradish peroxidase-conjugated secondary antibody raised 
against rabbit IgG (Amersham Japan, Tokyo, Japan) at a 1:8,000 dilution at room 
temperature for 45 min. Specific protein detection was done by using enhanced 
chemiluminescence kit (an ECL system, Amersham Pharmacia Biotech Inc., Piscataway, 
NJ) following the manufacturer's directions after three times 15-min PBST washes. 
2.2.5.5 Cell culture study 
Seven individual suspension cultures from the same cell line were prepared by 
transferring a 5-ml aliquot from the same 7-day-old suspension culture to 50 ml MS 
medium. These suspension cultures were cultivated with constant shaking at 100 rpm in 
room temperature. From day one to day seven after subculture, 100 " 1 cells from one 
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of the suspension cultures were taken out for confocal imaging according to the 
procedures described in Section 2.2.5.1 for single-construct cell lines. Cells remained 
from that culture were collected for protein extraction, subcellular fractionation, 
SDS-PAGE and western blot analysis according to the procedures described in Section 
2.2.5.2 to Section 2.2.5.4. 
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2.3 Results 
2.3.1 Hygromycin concentration at 50 mg/L was optimal for selection 
To determine the concentration of hygromycin needed for effective transformant 
selection, killing curve studies were done for cells transformed with one construct 
expressing hygromycin resistance gene (Figure 2.8) or with two constructs expressing 
kanamycin and hygromycin resistance gene respectively (Figure 2.9). Similar results 
were observed in both studies in which complete inhibition of cell growth was detected 
when hygromycin was used at 50 mg/L. Therefore, 50 mg/L hygromycin was used for 
transformant selection. 
Figure 2.8. Killing curve determining 
I j S r ^ ^ I hygromycin selection concentration 
I Mr ^ /ufl^^^  I for single-construct cell line. 
I ^ cells were cultured on six-well plate 
>^ 圓 with 1% MS agar supplemented with 
^ ^ ^ ^ ^ ^ ^ I ^ H T ] ^ S fl hygromycin at various concentrations. 
^ j ^ K S f t / ' I 她r incubation at 26T in dark for 3 
^ C ^ P ^ ^ ^ ^ B B i ^ ) I weeks, cells cultured on agar with 50 
丨 义 ? m g / L hygromycin started to show 
t ^ l complete inhibition of cell growth. 50 
y J ^ ' ‘ I mg/L was chosen as optimum 
一MN*. I hygromycin selection concentration for 
- _ j ^ m single-construct cell line. 
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Figure 2.9. Killing curve determining 
hygromycin selection concentration 
I 丄0 m g / L ^ ^ ^ ^ for double-construct eel 丨 Hne. 
� 週 i GONSTl-YFP cells were cultured on 
m t six-well plate with 1% MS agar 
• ‘ supplemented with 50 mg/L kanamycin 
• t : i ^mg/L|I^WH30mg/L济 and hygromycin at various 
I I ： concentrations. After incubation at 26X 
I j Y - ^ f f i g ^ S y ^ ^ f ^ r H y ！ in dark for 3 weeks, cells cultured on 
• I 卜 agar with 50 mg/L kanamycin and 50 
• \ mg/L hygromycin started to show 
I "^""WA：^ complete inhibition of cell growth. 50 
I ^ ^ v I k jBj-* mg/L was chosen as optimum 
I i j^HR hygromycin selection concentration for 
L double-construct cell line. 
2.3.2 Lower transformation efficiency for double-construct cell lines 
Calli appeared at about 3 weeks after transformation. Generally, more 
transformants grew on one plate for single-construct cell line than double-construct cell 
line (Figure 2.10). When observed under confocal microscope, abnormal cells with 
extraordinary size (Figure 2.1 IB), irregular shapes (Figure 2.11C) or strange 
aggregations (Figure 2.1 ID) were found for double-construct cell lines. This might be 
due to high selection pressure from two kinds of antibiotics. Only those with normal 
appearance were selected and used for further analysis described below. 
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Figure 2.10. Comparison on transformation efficiency between single and 
double-construct cell lines. 
After co-cultivation with A. tumefaciens, BY-2 cells were cultured on MS agar 
supplemented with selection antibiotics at 26°C in dark for 2 to 3 weeks. When 
compare the number of calli grew on plate for double-construct cell line (A) and 
single-construct cell line (B)，smaller amount of calli was found for 
double-construct cell line. 
2.3.3 Screening of transgenic cell lines 
Half of the 3-day-old calli were resuspended in MS medium and the signal 
intensity was examined under fluorescence and confocal microscope. Table 2.2 and 2.3 
showed the percentage of cells with different degree of signal intensity in 
single-construct cell lines and double-construct cell lines respectively. For cells 
expressing GFP- a -TIP CT reporter, 60 calli were examined in which about 97% of 
transformants showed the presence of GFP fluorescence. For cells expressing 
GFP-BP-80 reporter, 80 calli were examined in which about 92% of transformants 
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showed the presence of GFP fluorescence. For double-construct cell lines, 40 calli were 
examined for cells expressing CONST 1-YFP and GFP- a -TIP CT reporters, while 80 
calli were examined for those expressing CONST 1-YFP and GFP-BP-80 reporters. 
Both of the double-construct cell lines showed very strong signals from YFP, the Golgi 
marker, but weak signals in GFP, the PVC marker. 
mm 
Figure 2.11. Morphology of abnormal cells found in transgenic 
double-construct cell lines. 
Newly transformed double-construct cell lines were examined under 
confocal microscope. DiflFerential-interference-contrast images showed 
that besides normal cells (A)，there were also cells with extraordinary size 
(B), irregular shapes (C) and strange aggregations (D). Bar = 50//m. 
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Table 2.2. Variations on fluorescent signal intensity in single-construct cell lines. 
GFP- a -TIP Number of calli Percentage (%) 
(Total; 60) 
^ 1 O  
^ 4 
^ 7A ^  
^ in_ 45.0 
H 5 8.3 
0 2 3.3 
GFP-BP-80 Number of calli Percentage (%) 
(Total; 80) 
^ 3 ^  
^ 9 n ^  
^ ^ 42.5 
^ ^ ^  
]+ 8 10.0 
0 6 7.5 
5+ represented highest degree of fluorescent signals, while 1+ represented the lowest 
and 0 for none. 
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Table 2.3. Variations on fluorescent signal intensity in double-construct cell lines. 
GONSTl-YFP + Number of calli Percentage (%) 
GFP- a -TIP (Total; 40) 
G ^ Y ^ G ^ YFP 
^ 0 1 0 2.5 
4+ 1 n 2.5 27.5 
^ 10 13 25 3^5 
^ 9 10 22.5 Ys 
\+ 7 4 17.5 10 
0 13 1 32.5 'Z5 
GONSTl-YFP + Number of calli Perceiitage(%) 
GFP-BP-80 (Total: 80) 
GFP YFP GFP ~ * Y F P 
^ 0 3 0 3.7 
4+ 2 ^ 2.5 41.3 
^ ^ ^ 32.5 28.8 
^ 46 57.5 ^ 
\+ 6 3 7.5 3 J 
0 0 0 0 0 
5+ represented highest degree of fluorescent signals, while 1+ represented the lowest 
and 0 for none. 
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2.3.4 Both pGFP-BP-80K and pGFP- a -TIPH expressed as punctate 
signals in single-construct cell lines 
After a series of screening procedures (Figure 2.12), cells expressing strong 
fluorescent signals were selected for confocal laser scanning. Both GFP- a -TIP CT 
reporter and GFP-BP-80 reporter displayed a punctate pattern of GFP fluorescence 
(Figure 2.13). Similar to that of Golgi marker expressed in GONST 1-YFP cells, 
punctate signals in GFP- a -TIP cells and GFP-BP-80 cells were distributed more or 
less evenly throughout the cytoplasm. For GFP-BP-80 cells, the fluorescent signals 
were as expected from the experiments expressing the YFP-BP-80 reporter, a lytic PVC 
marker, in tobacco BY-2 cells (Tse et al., 2004). Further characterization of the putative 
PVC markers was performed and obtained results were descried in Chapter 3. 
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2-3weeks  
after transfonnation I V j ^ ^ ^ ^ ^ S f l E / l H H P ^ i f l P m H 
M m B M I I — • B 9 9 l 9 R i 
Culture calli independently 
Subculture to obtain more cells ^ ^ ^ H ^ B ^ ^ 
Make suspension culture ^ ^ ^ H j ^ H ^ ^ p H 
culture 
“ S u b j e c t to fluorescent and 
Figure 2.12. Screening procedures for newly transformed BY-2 cells. 
After co-cultivation with A. tumefaciens, BY-2 cells were cultured on MS agar 
supplemented with selection antibiotics at 26°C in dark for 2 to 3 weeks. When 
suspected transformants grew as tiny calli on MS agar plate (A), individual calli 
were subcultured independently onto flesh MS agar (B). Selected cell line was 
allowed to grow laiger (C) until it was enough to make suspension culture by 
resuspending the calli in MS liquid medium (D). Cell morphology (E) and 
fluorescent signals (F) from 3-day-old suspended cells were then observed under 
confocal microscopy. Bar = 50 " m. 
46 
Chapter 2 Results 
GFP-g-TTP GFP-BP-80 GONSTl-YFP 
僅 
Figure 2.13. Detection of GFP signals from transgenic BY-2 cells 
expressing GFP- a -TIP CT reporter and GFP-BP-80 reporter. 
3-day-old suspension cells of newly transformed GFP-a-TIP cells and 
GFP-BP-80 cells were inspected under confocal microscopy with single 
GFP setting (described in Table 2.1a). Single YFP setting (described in 
Table 2.1b) was used for inspecting GONSTl-YFP cells. GFP reporters 
were expressed in GFP-a-TIP cells and GFP-BP-80 cells. Punctate signals 
were observed in all of the cell lines. GFP, green fluorescent protein; DIC, 
Differential-interference-contrast. Bar = 50/zm. 
2.3.5 Weak punctate or diffuse signals were detected from PVC markers 
in double-construct cell lines 
Table 2.1 listed the confocal settings for detecting fluorescent proteins. Since both 
of the excitation and emission spectra of GFP and YFP overlapped (Figure 2.14), 
confocal images were taken under these settings with single-construct cell lines 
expressing strong GFP and YFP signals respectively (Figure 2.15). GFP would be 
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excited under YFP setting whereas YFP would be detected under single GFP setting 
(Figure 2.15B). Double construct setting was used for detecting cells expressing both 
GFP and YFP. However, much weaker signals were obtained under such setting (Figure 
2.15C, F). 
Double-construct cell lines expressing both GFP and YFP reporters were subjected 
to confocal imaging (Figure 2.16A, C). Weak punctate signals were detected from the 
GFP reporters in both double-construct cell lines. Diffuse signals, signals not appeared 
as small spots but found in the vacuoles, were also detected in some of the cells (Figure 
2.16B，D). These might be due to degradation of fusion proteins in the vacuoles. On the 
other hand, the Golgi marker GONSTl-YFP showed strong signals in both 
double-construct cell lines with typical punctate signals distributing throughout the 
transgenic BY-2 cells. Since weak GFP signals and strong YFP signals were detected, 
colocalization between the PVC markers and the Golgi markers might be artifacts 
under the double construct setting. Thus, these double-construct cell lines were not used 
for further study. 
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GFP YFP GFP YFP niMirt488nm m.xal5l4nm max«507nm maxal 527 nni 
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Figure 2.14. Excitation and emission spectra of GFP and YFP. 
(A) A graph showing excitation spectra of GFP (black) and YFP (grey). At 
maximum excitation wavelength of GFP, about 40 % of YFP was also 
excited. (B) A graph showing emission spectra of GFP (black) and YFP 
(grey). Highest percentage of GFP and YFP overlapped when emission 
wavelength detected at about 525 nm. 
Setting 1 Setting 2 Setting 3 DIC 
g H M H H f t B I I I I H i k H 
iHHH^： 
Figure 2.15. Comparison on signal detected under different confocal settings. 
GONSTl-YFP cell and GFP-BP-80 cell expressing strong YFP and GFP signals 
were observed under confocal microscopy with single GFP setting (Setting 1, 
described in Table 2.1a), single YFP setting (Setting 2, described in Table 2.1b) 
and double construct setting (Setting 3, described in Table 2.1c, where GFP 
signals were pseudocolored in green while YFP signals were pseudocolored in 
red). YFP was detected under single GFP setting (B). GFP and YFP can be 
detected as different signals under double construct setting (F), but much weaker 
signals obtained for both GFP (compare A and D) and YFP (compare C and F) 
signals. DIC, Differential-interference-contrast. Bar = 50 " m. 
49 
Chapter 2 Results 
GFP (PVC marker) YFP (Golgi marker) Merge DIG 
� � H I國 
Figure 2.16. Weak punctate signals or diffuse signals were found from PVC 
markers in double-construct cell lines. 
3-day-old suspension CONST 1-YFP+GFP- a -TIP cells (A, B) and 
CONST 1 -YFP+GFP-BP-80 cells (C, D) were observed under confocal 
microscope with double construct setting (described in Table 2.1c, where GFP 
signals were pseudocolored in green while YFP signals were pseudocolored in 
red). Weak punctate signals with certain degree of colocalization with Golgi 
marker for the PVC markers in both double-construct cell lines (arrowheads in A, 
C). Diffuse signals were also observed in some of the cells of double-construct 
cell lines (B, D). DIG, DiflFerential-interference-contrast. Bar = 50 // m. 
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2.3.6 GFP reporters were successfully transformed into BY-2 cells 
To investigate the expression of GFP reporters in these newly established cell lines, 
western blot analysis using anti-GFP antibody was carried out using proteins extracted 
from the transgenic cell lines. Because YFP is a variant of GFP different in few amino 
acids only, anti-GFP could detect both GFP and YFP in western blot analysis. As shown 
in Figure 2.17A, full-length fusion protein GFP- a -TIP of 36.2kD was detected in the 
cell membrane (CM) fraction in both single-construct and double-construct cell lines 
expressing GFP-a-TIP reporter (Figure 2.17A，lane 6 and 8). Similarly, full-length 
fusion protein GFP-BP-80 of 37.9kD was also detected in the CM fraction in both 
single-construct and double-construct cell lines expressing GFP-BP-80 reporter (Figure 
2.17B，lane 6 and 8). A 28-kD band was detected in both cell soluble (CS) and CM 
fraction (with higher intensity in cell soluble fraction) in all cell lines, which might 
represent the expressed GFP or YFP. 
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Figure 2.17. Western blot analysis of GFP fusions in transgenic 
BY-2 cell lines. 
Proteins were extracted from transgenic cell lines developed and 
subjected to SDS-PAGE and subsequent Western blot analysis with 
anti-GFP antibodies at 4//g/ml. GFP-a-TIP at 36.2 kD (Lane 6 and 8 
in A, arrowhead) and GFP-BP-80 at 37.9 kD (Lane 6 and 8 in B，arrow) 
were both detected in single and double-construct cell lines developed. 
Crosses indicated GFP or YFP protein at 28 kD detected in all 
transgenic cell lines but not WT cells. WT, wild type BY-2 cell. CS, 
soluble fraction. CM, cell membrane fraction. 
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2.3.7 Profiles of fluorescent signals in transgenic cells during cell culture 
In order to elucidate the expression profiles of GFP fusions in transgenic BY-2 
cells during the period of cell culture, cells were collected daily for confocal imaging. 
As shown in Figure 2.18，upon subculture into fresh MS medium, cells expressing 
GFP-BP-80 reporter gave strong punctate signals from day 1 to day 3，but these 
punctate signals decreased gradually with the appearance of diffuse signals in vacuoles 
(day 4 to day 6). Interestingly, some of the 7-day-old cells showed a sudden increase in 
diffuse signals. Such profiles of fluorescent signals are repeatable after the 7-day-old 
cells were subcultured into a fresh medium. 
Cells were also collected at indicated days after subculture for protein extraction 
and western blot analysis. As shown in Figure 2.19, in cells expressing GFP-BP-80 
reporter, a band at 28-kD representing free GFP was detected in the CS fraction, and its 
signal intensity was highest at D7. On the other hand, a band at 37.9kD corresponding 
to the full-length fusion protein GFP-BP-80 was detected in the CM fraction and its 
detectable signal intensity was strongest at day 1 with decreasing signals thereafter (day 
1 to day 6). These results indicated that the full-length fusion proteins represented by 
punctate signals in confocal images were gradually processed into the soluble GFP 
proteins represented by diffuse signals during the 7-day culture period. 
Similarly, in cells expressing GFP-a-TIP CT reporter, strong punctate signals 
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were detected from day 1 to day 2 cells, but these punctate signals decreased gradually 
with the appearance of diffuse signals in vacuoles (day 4 to day 6) (Figure 2.20). In 
contrast to GFP-BP-80 cells, diffuse signals were sometimes found in 2-day-old and 
3-day-old cells. Furthermore, western blot analysis on this cell line demonstrated that 
the full-length membrane fusion protein was most abundant in day 1 to day 3 cells 
before they were processed into free GFP (Figure 2.21). These results were similar to 
those obtained from the GFP-BP-80 cells. 
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Figure 2.18. Fluorescent profiles of GFP-BP-80 cells during culture period. 
7-day-old cells were subcultured into fresh MS medium and cultured for 
another 7 days. During this culture period, cells were inspected under confocal 
microscopy with single GFP setting (described in Table 2.1a). D1 to D7 
represented 1 to 7 days after subculture. DIC, Differential-interference-contrast. 
Bar = 50//m. 
55 
Chapter 2 Results 
A GFP-BP-80 (CS fraction) 
kD D1 D2 D3 D4 D5 D6 D7 
250-
1 0 0 -7 5 -
50- � 
37- ^ • m g 一 — ‘ 
- { 
25_ — , ‘ • • ^ G F P o n l y 
2 0 - ’ 
B GFP-BP-80 (CM fraction)  




37— , "^"fiill length 
25- • 
2 0 - ‘ 
Figure 2.19. Expression profiles of GFP fusions in GFP-BP-80 cells during 
culture period. 
Proteins were extracted from transgenic cell lines according to the number of days 
as indicated after subculture. They were then subjected to SDS-PAGE and 
subsequent Western blot analysis with anti-GFP antibodies at 4 " g/ml. Crosses 
indicated GFP protein at 28 kD and arrow indicated GFP-BP-80 at 37.9 kD. D1 to 
D7 represented one to seven days after subculture into new MS medium. CS, 
soluble fraction. CM, cell membrane fraction. 
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GFP-a-TIP Die GFP-g-TIP DIC 
mm 
Figure 2.20. Fluorescent profiles of GFP- a -TIP cells during culture period. 
7-day-old cells were subcultured into fresh MS medium and cultured for 
another 7 days. During this culture period, cells were inspected under confocal 
microscopy with single GFP setting (described in Table 2.1a). D1 to D7 
represented 1 to 7 days after subculture. DIC, Differential-interference-contrast. 
Bar = 50^ m, 
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Figure 2.21. Expression profiles of GFP fusions in GFP- a -TIP cells during 
culture period. 
Proteins were extracted from transgenic cell lines according to the number of days 
after subculture as indicated. They were then subjected to SDS-PAGE and 
subsequent western blot analysis with anti-GFP antibodies at 4 " g/ml. Crosses 
indicated GFP protein at 28 kD and arrowhead indicated GFP- a -TIP at 36.2 kD. 
D1 to D7 represented one to seven days after subculture into new MS medium. 
CS, soluble fraction. CM, cell membrane fraction. 
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2.4 Discussion 
Tobacco BY-2 cells have been frequently used for the study of protein subcellular 
localization and dynamics of organelles lied on the secretory pathway. Extensive 
studies have been done on the study of Golgi and ER by fluorescent protein-tagging 
method (Nebenfuhr et al., 1999; Matsushima et al , 2002). A recent study demonstrated 
that a YFP fusion protein marked the lytic PVC in tobacco BY-2 cells and the lytic 
PVCs were demonstrated to be mobile in living BY-2 cells under confocal microscopy 
(Tse et al., 2004). 
2.4.1 Abnormal cell growth might be due to high selection pressure 
The efficiency of obtaining transgenic calli was mainly depended on the quality of 
BY-2 cell culture. Not only the transformation efficiency, but also the cell morphology 
of transgenic double-construct cell line was found to be different from that in 
single-construct cell lines. Unhealthy cells were developed and observed during the 
initial stage of expression, an indicator of potential toxicity. One of the possible reasons 
might be that the selection pressure was too high. In this study, two kinds of antibiotics, 
kanamycin and hygromycin, were used. Both of them act by inhibiting ribosomal 
protein synthesis. Since the cells were under great stress to survive, it might result in 
much lower transformation efficiency for double-construct cell lines. Even though the 
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expression levels of the reporter genes were not directly linked to the selection 
antibiotic gene, they might be down-regulated too. Another possible reason might be 
the activation of proteolytic activity with high expression of GFP fusion proteins. This 
might explain the observation that weaker GFP fusion reporter bands but stronger 
GFP/YFP alone band were detected in double-construct cell lines than that in 
single-construct cell lines. 
2.4.2 Double-construct cell lines developed were not yet suitable for 
further study 
Most studies using fluorescent protein targeting so far used one fluorescent protein 
as reporter only. However, organelles marked by two fluorescent proteins could be 
observed simultaneously with appropriate combinations of excitation and emission 
wavelength (Brandizzi et al., 2002a). In this study, double-construct cell lines 
expressing PVC-GFP and Golgi-YFP fusions were generated. The expression of 
individual markers was confirmed by confocal imaging and western blotting. Even 
though the expected 65-kDa band was not detected in cells expressing the fusion 
protein CONST 1-YFP in western blot, YFP signals in confocal images showed that the 
YFP might remain intact and localize in the Golgi (see also results in next chapter). 
In double-construct transgenic cell lines, PVC marker and Golgi marker 
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colocalized in certain degree and some diffuse signals were observed for putative PVC 
markers. These results were not completely agree with those observed in a recent study 
where the PVC marker was expressed as punctate signals that were separated from 
Golgi marker in confocal immunofluorescence (Tse et al., 2004). Because cells with 
abnormal morphology were observed for double-construct cell lines in this study, 
mis-location of proteins might occur and this might account for the diffuse signals 
observed. Another reason could be activation of proteolytic activity and 
cut-off-GFP/YFP was further transported to vacuoles due to stress created by high 
expression level of two reporters. 
In addition, the colocalization of GFP and YFP reporters could be due to the 
limitation of double construct setting in confocal imaging. Since both the excitation and 
emission spectra of GFP and YFP overlapped, when one of them has very high 
expression, one might be wrongly detected as the other one. When compared the band 
intensity of the full-length GFP fusion protein with the 28-kD GFP/YFP band in 
double-construct cell lines, the strong 28-kD bands probably represented the high 
expression of YFP instead of GFP. Together with the strong signals obtained from 
confocal images, GFP detected might actually be the emission wavelength from YFP 
that would result in misinterpretation of the colocalization of GFP with YFP signals. 
Thus, double-construct cell lines are not yet suitable for further colocalization study 
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until cells with higher GFP but lower YFP signals are selected. 
2.4.3 Single-construct cell lines expressing putative PVC markers were 
developed 
BP-80 is a vacuolar sorting protein localized to both Golgi and PVC. A study on 
BP-80 and other VSR homologs localization using confocal immunofluorescence 
microscopy demonstrated that VSR proteins were predominantly localized to lytic PVC 
(Li et a l , 2002). When a chimeric reporter containing a mutated form of proaleurain 
and attached to TMD and CT of BP-80 was expressed in tobacco cells, it was targeted 
to lytic PVC (Jiang and Rogers, 1998). In contrast, a different reporter containing a 
-TIP CT instead of BP-80 CT was probably target to PVC of PSV/PSV (Jiang and 
Rogers, 1998). The BP-80 reporter was a marker for lytic PVC (Jiang and Rogers, 1998; 
Tse et al., 2004)，while the a - T I P CT reporter may be a marker for PVC leading to 
PSV. 
So far，single-construct cell lines expressing either the GFP-BP-80 reporter or 
GFP- a -TIP CT reporter has been developed. They both showed similar punctate 
pattern in confocal images, a result similar to the YFP-BP-80 reporter marked for the 
lytic PVC (Tse et al.，2004). Full-length fusion proteins with expected molecular mass 
was also detected in western blot, this result indicated that the fluorescent signals came 
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from the fusion protein. Further study was carried out to characterize cell lines 
expressing Golgi and PVC markers and the obtained resulted would be presented in 
next chapter. 
2.4.4 2- to 3-day-old cells were more suitable for subsequent studies 
Cell culture study was carried out to investigate profiles of fluorescent signals in 
transgenic BY-2 cells during the culture period. Both transgenic cell lines showed 
similar changes in fluorescent patterns. Punctate signals were observed in both cell 
lines expressing GFP- a -TIP CT reporter and GFP-BP-80 reporter during the first few 
days after subculture. Diffuse signals in vacuoles as well as decreased fluorescent 
signals were thereafter observed during the next few days. Western blot analysis was 
also carried out to investigate the expression profiles of GFP fusions during the culture 
period. These obtained results indicated that the full-length fusions were mainly 
detected in the CM fraction during the first few days upon subculture but soluble GFPs 
were detected during the later period of cultures. These confocal and western blot 
analysis results together suggested that the punctate signals in confocal images during 
the first few days of cultures might be derived from the full-length fusion proteins 
while the diffuse signals in later days may come from the soluble GFP. 
These results also indicated that the full-length fusion proteins and the soluble 
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GFP might have different subcellular localization. In addition, the changes in 
fluorescent signals from a punctate pattern into a diffuse pattern might be due to the 
lack of nutrients in culture medium as cells grew and proliferated. It is also possible 
that the fusion protein traffic from an intermediate compartment (punctate signals) to 
vacuole (diffuse signals) where the processing occurs. 
Under stressed conditions, activity of vacuolar processing enzyme was 
up-regulated (Kinoshita et al., 1999) and the activated proteinases might process the 
fusion proteins and separate the GFP from the membrane anchor sequences. Subsequent 
degradation of cut-off-GFP might account for the decrease in signal intensities. Besides 
that, the changes in fluorescent signals could also represent the normal turnover of 
organelles marked by the GFP reporters. Moreover, autophage can be induced by 
nutrient starvation (Moriyasu et al., 2003). The sudden increase in diffuse signals in 
7-day-old cells might be due to the incorporation of small vacuoles into central 
vacuoles. If such incorporation was faster then extensive degradation of cut-off-GFP, 
sudden increase in signal intensity might be observed. 
Both punctate and diffuse signals presented in 2- and 3-day-old GFP- a -TIP cells. 
The absence of diffuse signals in some of the cells could be due to light-dependent 
degradation of GFP. All transgenic cells used in this study were cultured in light 
condition. Under light condition, conformational change in GFP would be induced and 
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GFP became easily degraded by vacuolar proteinases under acidic pH (Tamura et al., 
2003). However, to determine the subcellular localization of the punctate signals in 
GFP- a -TIP cells and identify the organelle is one of the objective of this study which 
will be described in the following chapter. 
Since the punctate signals in day 1 to day 3 cells are most likely derived from the 
full-length fusion proteins while the diffuse signals in day 4 to days 7 cells are likely 
derived from processed GFP in vacuoles, 2- to 3-day-old cells upon subculture were 
therefore chosen for subsequent studies. 
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Characterization of Transgenic 
Tobacco BY-2 Cells Expressing Reporters 
for Distinct Prevacuolar Compartments 
Chapter 3 Introduction 
3.1 Introduction 
Previous studies using transmembrane reporters demonstrated that the BP-80 and 
the a - T I P CT reporter reached distinct destinations when they were expressed in 
tobacco cells (Jiang and Rogers, 1998). More recently, when the YFP-BP-80 reporter 
was expressed in transgenic tobacco Bright Yellow 2 (BY-2) cells, the reporter localized 
to a multivesicular prevacuolar compartment (PVC) containing VSR proteins (Tse et a l , 
2004). Thus, the YFP-BP-80 reporter and VSR proteins mark the lytic PVC in 
transgenic BY-2 cells. Here I will test the hypothesis that the a -TIP CT reporter is a 
marker for PVC leading to the protein storage vacuole pathway by comparing with 
well-established Golgi and lytic PVC markers (Figure 3.1). Towards this goal, I have 
generated transgenic BY-2 cell line expressing the GFP- a -TIP CT reporter that 
contains green fluorescent protein (GFP) linked with transmembrane domain (TMD) of 
BP-80 and cytoplasmic tail (CT) of a -tonoplast intrinsic protein ( a -TIP). 
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Figure 3.1. The hypothesis that two distinct PVCs exist in the same 
plant cell. 
Distinct PVCs receive cargo proteins from different organelles and leading 
to LV and PSV are hypothesized to be marked by GFP-BP-80 reporter and 
GFP- a -TIP CT reporter respectively. Golgi is known to be marked by 
GONSTl-YFP and anti-Manl antibodies, while lytic PVC marked by 
GFP-BP-80 reporter and anti-VSR antibodies. 
ER, endoplasmic reticulum; LV’ lytic vacuole; PSV，protein storage vacuole; 
PVC, prevacuolar compartment. 
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Punctate fluorescent signals were detected from transgenic cells expressing the 
GFP- a -TIP CT reporter, a pattern similar to those derived from cells expressing either 
the lytic PVC marker YFP-BP-80 reporter or the Golgi GONSTl-YFP reporter. In order 
to examine the nature and subcellular localization of this GFP- a -TIP CT reporter in 
transgenic BY-2 cells, drugs such as wortmannin or brefeldin A and a fluorescent dye 
FM4-64 were used. By studying the response of these reporters, the identity of marked 
compartments can be illustrated. “ 
3.1.1 Wortmannin 
Wortmannin inhibits phosphatidylinositol 3-kinase (Thelen et a l , 1994), an 
enzyme plays a crucial role in clathrin coated vesicles budding in yeast and mammals. 
When normal rat kidney cells were treated with wortmannin, extensive vacuolation and 
swelling of late endosomes were observed (Bright et al , 2001). This might be due to 
the inhibition of membrane traffic out of these organelles by this drug. 
In plant cells, vacuolar transports of various proteins have different sensitivities in 
response to wortmannin treatment. For example, the CTPP-mediated transport of barley 
lectin to vacuole was inhibited by wortmannin in tobacco BY-2 cell, while the 
NTPP-mediated transport of sporamin to vacuole in BY-2 cells was not affected in the 
same condition (Matsuoka et al., 1995). In tobacco mesophyll protoplasts, wortmannin 
also prevented the transiently expressed chitinase-GFP fusion from reaching the 
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vacuoles (Di Sansebastiano et al., 1998). 
3.1.2 Brefeldin A 
Brefeldin A (BFA) is a fungal toxin that inhibits protein trafficking in the 
endomembrane system of mammalian cells (Sciaky et a l , 1997). It targets 
GTP-exchange factors that catalyze the activation of a small GTPase, which is 
responsible for the recruitment of coat proteins to membranes, resulting formation of 
transport vesicles (Jackson and Casanova, 2000; Scales et a l , 2000; Nebenfuhr et al., 
2002). Since these GTP-exchange factors are localized to Golgi in mammalian cells and 
yeast, the loss of coat protein from Golgi resulted in redistribution of Golgi enzymes 
into ER (Sciaky et al., 1997). Similar cases have been discovered in plant from studies 
using GFP-tagged Golgi enzyme as marker expressed in transgenic tobacco BY-2 cells 
(Ritzenthaler et al., 2002; Saint-Jore et al., 2002). 
Recently, BFA has also been used as an experimental tool to investigate 
components involved in the secretory pathway. BFA blocks the transport of soluble 
proteins to vacuoles in plant cells (Gomez and Chrispeels, 1993). In response to BFA, 
Golgi membranes in plants accumulated in highly vesiculated clusters, which termed 
BFA compartments (Satiat-Jeunemaitre and Hawes, 1994). It was suggested that Golgi 
cistemae and trans-GoXgi elements responded differently to BFA. The former would 
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redistribute into ER to form ER-Golgi hybrid, while trans-Golgi elements would 
separate from Golgi stacks and merge components of endocytic pathway to form BFA 
compartments (Nebenfuhr et a l , 2002). 
A Golgi marker linking YFP with GONSTl, a Golgi-localized nucleotide sugar 
transporter found in Arabidopsis (Baldwin et al., 2001)，and a lytic PVC marker, 
linking YFP with TMD and CT ofBP-80, were also found to response to BFA treatment 
with different sensitivities in transgenic tobacco BY-2 cells (Tse et al., 2004). 
3.1.3 FM4-64 
FM4-64 is a styryl fluorescent dye that has been used as a marker for the process 
of endocytosis (Vida and Emr, 1995; Fischer-Parton et al., 2000). When FM4-64 was 
taken up through endocytosis in tobacco BY-2 cells, the dye was finally localized to 
vacuolar tonoplast. (Kutsuna and Hasezawa, 2002). In addition, the lytic PVC marker 
YFP-BP-80 reporter was found to colocalize with internalized FM4-64-marked 
endosomal/prevacuolar compartments (Tse et al., 2004). 
In this study, characterization of the putative PVC marker GFP- a -TIP CT reporter 
for PSV was carried out. Confocal immunofluorescence study was performed to 
investigate the subcellular localization of the GFP- a -TIP CT reporter in transgenic 
tobacco BY-2 cells. Drug treatment studies using BFA and wortmannin, and FM4-64 
uptake study were also conducted in transgenic cells expressing various reporters. 
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Therefore, the new PVC marker GFP- a -TIP CT reporter can be distinguished from the 
well-established Golgi and lytic PVC markers expressed in BY-2 cells. 
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3.2 Materials and Methods 
3.2.1 Plant material 
Tobacco (Nicotiana tabacum) BY-2 cells were cultivated in suspension using 
Murashige and Skoog (1962) medium (4.3 g/L M&S salts, 100 mg/L myoinositol, 1 
mg/L thiamine, 0.2 mg/L 2，4D，255 mg/L KH2PO4, 30 g/L sucrose, pH5) with constant 
shaking, 100 rpm, at room temperature. Cells were maintained in log phase by 
subculturing weekly into fresh medium at a dilution of 1:50. Three different cell lines 
were used: 1) cells transformed with a GONSTl-YFP fusion construct that located at 
the trans-Go\%\ (Baldwin et a l , 2001; Tse et al., 2004); 2) cells transformed with 
pGFP-BP-80K that localized predominantly to the lytic PVC and 3) cells transformed 
with pGFP- a -TIPH that hypothesized to be a putative PVC marker for PSV. 
3.2.2 Confocal immunofluorescence studies 
2 to 3-day-old BY-2 cells were fixed with fixation solution (50 mM Na-phosphate 
buffer, pH7.0, 5 mM EGTA，0.02% Azide, 4.5% paraformaldehyde) at 4°C overnight. 
After having two 30-min washes with Na-phosphate-EGTA buffer, fixed cells were 
treated with 1 % cellulysin cellulose (Calbiochem, Darmstadt, Germany) for 20 min to 
partially digest cell walls, followed by 0.5% Triton X-100 treatment for 5 min to 
permeabilize cell membranes. Cells were then washed and incubated with blocking 
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buffer 1 (IX PBS, 1% BSA) for 30 min. After changing blocking buffer 1 with 
blocking buffer 2 (IX PBS, 0.25% BSA, 0.25 gelatin, 0.05% NP-40, 0.02% Azide), 
primary antibody was added according to its working concentration: 4 (i g/ml for 
anti-GFP and anti-VSRAT-i，and 10 /zg/ml for anti-ManI, and incubated with cells at 
4°C overnight. Following two 15-min washes with blocking buffer 2, cells were 
incubated with rhodamine-conjugated secondary antibodies at a 1:100 dilution at room 
temperature for Ih. Again, after washing twice with blocking buffer 2，the labeled cells 
were ready for confocal imaging. 
Images were collected and processed according to the descriptions in Section 
2.2.5.1 in chapter 2 with the following settings: excitation lines of an argon-ion laser of 
457 nm for GFP and 543 nm for rhodamine were used with 505/530-nm bandpass filter 
for GFP imaging and 550/650-rmi bandpass filter for rhodamine imaging. In this case, 
the GFP images were pseudocolored in green and the rhodamine images were 
pseudocolored in red. In superimposition of GFP and rhodamine images, yellow 
indicated colocalization where the green and red overlapped. The extent of 
colocalization would be calculated as previously described (Jiang and Rogers, 1998). 
3.2.3 Drug treatment studies 
3.2.3.1 Wortmannin treatment 
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Stock solution of wortmannin was prepared by dissolving 1 mg of wortmannin 
(Sigma, St. Louis, USA) in 1 ml DMSO. For the comparison of dosage effect, 250 fi 1 
of 3-day-old suspension cultures were used and aliquots of wortmannin stock solution 
were added to final concentrations from 8.25 to 66 (iM. Wortmannin-treated-cells 
were incubated at room temperature with continuous agitation for 1.5 h and then 
subjected to confocal imaging. For the comparison of time-course effect, 250 ii \ of 
3-day-old suspension cultures and an aliquot of wortmannin stock solution to a final 
concentration of 16.5 jiM were used. Wortmannin-treated-cells were incubated at 
room temperature with continuous agitation. Cells were removed out from the cultures 
at 15, 30, 45 and 90 min for confocal imaging. All images were collected and processed 
according to the descriptions in Section 2.2.5.1 in chapter 2 for single-construct cell 
lines. 
3.2.3.2 BFA treatment 
Stock solution of Brefeldin A (BFA) was prepared by dissolving 5 mg of BFA 
(Sigma-Aldrich) in 1 ml DMSO. For the comparison of dosage effect, 250 ji\ of 
3-day-old suspension cultures were used and aliquots of BFA stock solution to final 
concentrations from 5 to 200 g/ml were added. BFA-treated-cells were incubated at 
room temperature with continuous agitation for 1.5 h and then subjected to confocal 
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imaging. For the comparison of time-course effect, 250 [i 1 of 3-day-old suspension 
cultures and an aliquot of BFA stock solutions to final concentrations of 5 // g/ml were 
used. BFA-treated-cells were incubated at room temperature with continuous agitation. 
Cells were removed out from the cultures at 15，30，45，60 and 90 min for confocal 
imaging. All images were collected and processed according to the descriptions in 
Section 2.2.5.1 in chapter 2 for single-construct cell lines. 
3.2.4 FM4-64 uptake study 
Stock solution of 7V-(34riethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl) 
hexatrienyl)-pyridinium dibromide (FM4-64) was prepared by dissolving 1 mg of 
FM4-64 (Molecular Probes Inc., Eugene, OR，U.S.A.) in DMSO to 12 j iM in final 
concentration. For comparison of time-course effect, 150 ji \ of 3-day-old suspension 
cultures and an aliquot of 1 ii 1 FM4-64 stock solution were used. 
FM4-64-treated-cells were incubated in ice for 8 min and then washed by twice with 
MS medium and then kept at room temperature. Cells were removed out from cultures 
at 10，20 and 30 min for confocal imaging. 
Images were collected and processed according to the descriptions in Section 
2.2.5.1 in chapter 2 with the following settings: excitation lines of an argon-ion laser of 
� 457 nm for GFP and 543 nm for FM4-64 were used with 505/530-nm bandpass filter 
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for GFP imaging and 550/650-nm bandpass filter for FM4-64 imaging. In this case, the 
GFP images were pseudocolored in green and the FM4-64 images were pseudocolored 
in red. In superimposition of GFP and FM4-64 images, it resulted in yellow where the 
green and red overlap. 
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3.3 Results 
3.3.1 Organelles marked by GFP- a -TIP CT reporters did not localize at 
Golgi compartment 
ManI and VSR are markers for Golgi and lytic PVC respectively (Tse et a l , 2004). 
To determine the localization of GFP- a -TIP CT reporter, confocal 
immunofluorescence was performed using Golgi marker anti-Manl antibody and PVC 
marker anti-VSRAx-i antibody. Well-characterized transgenic cells expressing the Golgi 
marker GONSTl-YFP were used as control. As shown in Figure 3.2, most of the YFP 
signals in GONSTl-YFP cells colocalized with anti-Manl antibodies (Figure 3.2，panel 
1) but separated from anti-VSRAi-i antibodies (Figure 3.2，panel 3). In contrast, in cells 
expressing GFP- a -TIP CT reporter, the GFP signals had a high degree of separation 
from the Golgi marker anti-Manl antibodies (Figure 3.2, panel 2)，but they were mostly 
colocalized with anti-VSRAT-i antibodies (Figure 3.2，panel 4). Table 3.1 showed the 
calculated results on the percentage of colocalization between the fluorescent reporters 
and the labeled antibodies. The large separation between GFP- a -TIP CT reporter and 
anti-Manl antibodies indicated that GFP- a -TIP CT reporter was not a Golgi marker. 
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Figure 3.2. GFP-a-TIP CT reporter colocalized with ManI antibodies but 
separated frornVSRAx-i antibodies. 
BY-2 cells transformed with GONSTl-YFP and GFP- a -TIP were fixed and 
incubated with 10 //g/ml anti-ManI antibodies (A) or 4 /zg/ml anti-VSRAT-i (B) 
for immunolabeling. Confocal merge images with yellow signals represented 
colocalization of fluorescent reporters (green) with corresponding antibodies (red). 
DIC, Diflferential-interference-contrast. Bar = 50//m. 
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Table 3.1. Quantitation of antibody colocalization with fluorescent reporters in 
confocal immunofluorescence images. 
Antibody compared Percentage of colocalization n 
(Mean 士 SD) 
Fluorescent reporter versus anti-ManI (Figure 3.2A) 
^ N S T l - Y F P : anti-ManI 75.06 ± 5 6 
GFP- a -TIP: anti-ManI 8.77 士 5 8 
Fluorescent reporter versus anti-VSRAi-i (Figure 3.2B) 
GONSTl-YFP: anti-VSRAT-i 19.99 ± 5 6 
GFP-a-TIP:anti-VSRAT-i 54.06 士 5 12 
Confocal immunofluorescence studies were performed on GONSTl-YFP and GFP-a 
-TIP cells. The extent of colocalization was calculated in one direction, i.e. by asking 
how much of the fluorescent reporter signals are colocalized with tested antibody as 
previously described (Jiang and Rogers, 1998). A t test was performed to compare the 
results from individual paired assays of the two reporters. The resulting P values were 
statistically significant {P<0.01). SD, standard derivation; n, number of cells analyzed. 
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3.3.2 Wortmannin induced GFP- a -TIP marked organelles to vacuolate 
A recent study demonstrated that wortmannin induced the lytic PVCs marked by 
the YFP-BP-80 reporter, but not the GONSTl-YFP marked Golgi to form small 
vacuoles in transgenic tobacco BY-2 cells (Tse et al., 2004). Thus, wortmannin can be 
used to distinguish Golgi from lytic PVCs in BY-2 cells. 
Since GFP- a -TIP CT reporter did not colocalize with the Golgi marker ManI, 
wortmannin treatment was therefore performed to test GFP- a -TIP cells, in which both 
GFP-BP-80 and GONSTl-YFP cells were used as controls. As shown in Figure 3.3，no 
visible change was detected in GONSTl-YFP cells, while small vacuole formation was 
detected in GFP-BP-80 cells upon treatment with various concentrations of wortmannin, 
a result in consistent with previous study (Tse et al , 2004). Almost all organelles 
marked by GFP-BP-80 reporters were induced to form small vacuoles at 16.5 [ iM or 
higher concentration of wortmannin. Interestingly, some GFP- a -TIP marked 
organelles were also induced to form small vacuoles of various size in response to 
wortmannin treatment. This result was similar to the observations in GFP-BP-80 cells, 
but different from that in GONSTl-YFP cells. Again, this confirmed that GFP- a -TIP 
CT reporter marked organelles were not Golgi and exhibited properties similar to lytic 
PVC. 
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Figure 3.3. Wortmannin induced GFP-a-TIP CT reporter and GFP-BP-80 
reporter marked organelles to form small vacuoles in a dosage-dependent 
manner. 
BY-2 cells expressing CONST 1-YFP, GFP-BP-80 and GFP-a-TIP were treated 
with wortmannin (Wort) at various concentrations as indicated for 1.5 h and then 
subjected to confocal imaging. Enlarged organelles and small vacuoles were 
observed in both GFP-BP-80 and GFP- a -TIP expressing cells. The insets are 
enlarged vacuolar images indicated by arrowheads. DIC, 
Differential-interference-contrast. Bars = 50//m. 
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3.3.3 GFP- a -TIP CT reporters partially colocalized with VSR in 
wortmannin-treated cells 
To further investigate the organelles marked by the GFP- a -TIP CT reporter, 
time-course study in response to wortmannin was performed in cells expressing the 
GFP- a -TIP CT reporter where cells expressing the lytic PVC marker GFP-BP-80 
reporter was used as a control. As shown in Figure 3.4，when both of the cell lines were 
treated with wortmannin at 16.5 f iM, small vacuoles were first observed at 30 min 
after treatment. It is also notable that, upon wortmannin treatment, similar sizes of 
small vacuoles were observed in GFP-BP-80 cells, but small vacuoles or aggregates of 
various sizes were observed in cells expressing GFP- a -TIP CT reporter up to 90 min. 
VSR colocalized with wortmannin-induced small vacuoles marked by lytic PVC 
marker YFP-BP-80 in transgenic BY-2 cells (Tse et al.，2004). Thus, 
wortmannin-treated GFP-BP-80 cells and GFP- a -TIP cells were further labeled with 
anti-VSR AT-I antibody in order to elucidate the difference observed in the above 
time-course study. Cells were first treated with wortmannin at 16.5 / /M for 90 min 
and then fixed for confocal immunofluorescence study. 
Before wortmannin treatment, anti-VSRAx-i labeled organelles that appeared as 
punctate signals (Figure 3.2). Small vacuoles were labeled instead when cells were 
treated with wortmannin at 16.5 ( iM for 90 min (Figure 3.5). Almost all GFP-BP-80 
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reporters were colocalized with anti-VSRAi-i in the small vacuoles induced. In contrast, 
in cells expressing the GFP- a -TIP CT reporter, less than 50% of the marked organelles, 
which were induced to form small vacuoles at various sizes, were colocalized with VSR, 
while 50% of the marked organelles remained unchanged upon wortmannin treatment. 
The degree of colocalization between fluorescent reporters and corresponding 
antibodies was calculated and shown in Table 3.2. GFP-BP-80 reporter had higher 
percentage of colocalization with anti-VSRAx-i than GFP- a -TIP CT reporter. 
Calculation on the extent of anti-VSRAi-i colocalized with GFP reporter showed that 
most of the anti-VSRAx-i antibodies were separated from the GFP- a -TIP CT reporter. 
This has raised a question that whether the GFP- a -TIP CT reporter marked organelles 
included two populations, one of which is lytic PVC, or were different organelles just 
with similar properties with lytic PVC. 
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Figure 3.4. Time-course response to wortmannin treatment at 16.5 fi M. 
Transgenic BY-2 cells expressing GFP-BP-80 and GFP-a-TIP CT reporters were 
treated with wortmannin at 16.5 fjL M and incubated at room temperature. Cells were 
then collected at indicated time for confocal imaging. Most of the GFP-BP-80 
reporter marked organelles responded to form small vacuoles after 30 min treatment 
while those marked by GFP- a -TIP CT reporter did not. DIC, 
Differential-interference-contrast. Bars = 50//m. 
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Figure 3.5. Organelles marked by GFP-BP-80 reporter and GFP-a-TIP CT 
reporter had different degree of colocalization with VSR-marked organelles in 
transgenic cells treated with wortmannin at 16.5 ji M. 
After wortmannin treatment at 16.5 // M for 1.5 h, cells were fixed for 
immunolabeling. 4 fi g/ml anti-VSRAT-i was used as primary antibodies, while 
rhodamine-conjugated secondary antibodies was used at a 1:100 dilution to detect the 
anti-VSRAT-i. Colocalization of GFP-BP-80 reporter or GFP- a -TIP CT reporter 
marked organelles (green) with anti-VSRAx-i antibodies (red) was indicated by yellow 
color in merge images. Arrowheads and arrows indicate examples of colocalization 
and separation respectively. DIC, Dififerential-interference-contrast. Bar = 50//m. 
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Table 3.2. Quantitation of antibody colocalization after wortmannin treatment in 
confocal immunofluorescence images. 
Antibody compared Percentage of colocalization n  
(Mean 土 SD) 
The extent of GFP reporter colocalized with anti-VSRAi-i 
GFP-BP-80: anti-VSRAT-i 67.54 ± 5 6 
GFP- a -TIP: anti-VSRAT-i 43.33 士 5 10 
The extent of anti-VSRAi-i colocalized with GFP reporter 
anti-VSRAT-i： GFP-BP-80 55.81 ± 5 10 
anti-VSRAT-i ： GFP- a -TIP 26.86 土 4 12 
Confocal immunofluorescence studies were performed on GFP-BP-80 and GFP- a -TIP 
cells after wortmannin treatment at 16.5 ^ M for 1.5h. The extent of colocalization was 
calculated in the direction as indicated. A t test was performed to compare the results 
from individual paired assays of the two reporters. The resulting P values were 
statistically significant {P<0.01). SD, standard derivation; n, number of cells analyzed. 
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3.3.4 BFA induced GFP-a-TIP marked organelles to form BFA-induced 
compartments 
Besides wortmannin, BFA is another drug commonly used for studying protein 
trafficking in the secretory pathway. Therefore, BFA treatment was also carried out to 
test the response of GFP- a -TIP cells. Transgenic cells expressing GFP-BP-80 reporter 
and GFP- a -TIP CT reporter were incubated with BFA at various concentrations for 90 
min before they were collected for confocal imaging. As shown in Figure 3.6， 
aggregations of fluorescent signals were observed in these cell lines upon BFA 
treatment. However, in cells expressing GFP-BP-80 reporter, BFA-induced 
compartments were only observed when the cells were treated with BFA at 
concentration higher than 10 ji g/ml, a result in consistent with previous study (Tse et 
al., 2004). In contrast, in cells expressing GFP- a -TIP CT reporter, BFA-induced 
aggregates were observed when the cells were treated with BFA at a concentration as 
low as 5 // g/ml. 
To further investigate the differences between GFP- a -TIP CT reporter and 
GFP-BP-80 reporter, cells were incubated with BFA at 5 /z g/ml and changes were 
investigated up to 90 min (Figure 3.7). For the GFP- a -TIP CT reporter, 
ER-networking-like structure was observed at 30 min after BFA treatment. 
Aggregations of fluorescent signals were induced at about 60 min and remained 
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unchanged till 90 min. As for GFP-BP-80 cells, gradual decrease in punctate signals 
was observed and no BFA compartment was induced. This showed that the GFP- a -TIP 
CT reporter marked organelles were probably different from that marked by the 
GFP-BP-80 reporter. 
Control BFA 5 jig/ml lOng/ml 50 ng/ml lOO i^g/ml 200 ng/ml 
M^aMH 
Figure 3.6. Transgenic cells expressing GFP-BP-80 reporter and GFP- a 
-TIP CT reporter had different sensitivities to BFA. 
BY-2 cells expressing GFP-BP-80 reporter and GFP-a-TIP CT reporter were 
treated with BFA at various concentrations as indicated for 1.5 h and then 
subjected to confocal imaging. Aggregates observed in lowest concentration 
of BFA were indicated with arrowheads. Bars = 50//m. 
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Figure 3.7. Organelles marked by GFP-BP-80 reporter and GFP-a-TIP CT 
reporter had different time-course response to BFA treatment at 5 jtz g/ml. 
Transgenic BY-2 cells were treated with BFA at Sjtz g/ml at room temperature. Cells 
were collected for confocal imaging at indicated times. For cells expressing 
GFP-BP-80 reporter, a gradual decrease in punctate signals was observed, but no 
BFA-induced aggregated compartment was induced. After 30 min BFA treatment, 
ER-networking-like structure was observed for cells expressing GFP- a -TIP CT 
reporter. BFA-induced aggregated compartments were induced at about 60 min. 
Bars = 50//m. 
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3.3.5 GFP- a -TIP CT reporter colocalized with internalized FM4-64 
Recent study showed that lytic PVC marked by YFP-BP-80 reporter in transgenic 
tobacco BY-2 cells colocalized with internalized FM4-64 (Tse et al., 2004). To further 
characterize organelles marked by GFP- a -TIP CT reporter, uptake study using the 
endosomal marker FM4-64 was carried out in living transgenic BY-2 cells and were 
examined under confocal microscopy. The profile of FM4-64 uptake into transgenic 
BY-2 cells was shown in figure 3.8A. After 10 min incubation, FM4-64 was taken up 
into the cell and labeled the plasma membrane. The internalized dye was then localized 
to internal organelles with punctate pattern and finally reached the vacuolar membrane 
after 75 min incubation. 
FM4-64 uptake study was also carried out in transgenic cells expressing 
GFP-BP-80 reporter and GFP- a -TIP CT reporter. As shown in Figure 3.8B, in cells 
expressing GFP-BP-80 reporter, some internalized FM4-64-marked organelles (red) 
colocalized with the GFP-BP-80 reporter (green) during the first 20 min of uptake study, 
but these two markers were separated after 30 min. In contrast, in cells expressing the 
GFP- a -TIP CT reporter, colocalization between the internalized FM4-64 with the 
GFP- a -TIP CT did not observed until 20 min after the incubation and a higher degree 
of colocalization between them was detected 30 min after incubation. These 
time-course-dependent colocalization between FM4-64 and the two reporter proteins 
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indicated that GFP-a-TIP CT and GFP-BP-80 might mark distinct PVCs in BY- 2 
cells. 
A 10 rain 20 min 30 min 75 min i H B B 
Figure 3.8. Organelles marked by GFP-BP-80 reporter and GFP-a-TIP CT 
reporter colocalized with internalized FM4-64 marked organelles in different 
stages. 
BY-2 cells expressing GFP-BP-80 (B) and GFP-a-TIP (A and C) were incubated 
with FM4-64 for 10 min in ice and then subjected to confocal imaging after 
washing twice with MS medium. GFP signals were pseudocolored in green while 
FM4-64 dye was pseudocolored in red, yellow color in merge image represented 
site of colocalization. 
(A) Only the fluorescent signals from FM4-64 dye were shown. FM4-64 first 
stained the plasma membrane and then internalized endosomal structures. 
Vacuolar membrane was stained after 75 min treatment. 
(B) After 10 min treatment, GFP colocalized with FM4-64 in organelles near 
plasma membrane (1). Highest degree of colocalization was observed at 20 
min (2) and most of the signals were separate after 30 min treatment (3). 
(C) After 10 min treatment, FM4-64 appeared in organelles near plasma membrane 
but not colocalized with GFP (1). At 20 min, GFP was closely associated with 
FM4-64 marked organelles and some degree of colocalization was observed 
(2). Most of the signals were colocalized after 30 min of FM4-64 treatment (3). 
DIC, DiflFerential-interference-contrast. Bars = 50 " m. 
92 
30 min after 20 min after 10 min after O After 30 min After 20 min After 10 min Cd 
, I B I l l 
Chapter 2 Discussion 
3.4 Discussion 
The availability of a specific marker for certain organelle could help in the study of 
the organelle's organization and dynamics in a cell. Extensive studies on ER and Golgi 
using their resident proteins as markers were good examples (Nebenfuhr et al., 1999; 
Hawes et al., 2001; Matsushima et al., 2002; Brandizzi et al., 2002b). By comparing 
with well-characterized markers, the identity of unknown markers could also be found. 
In this study, the identity of organelle marked by the GFP- a -TIP CT reporter was 
investigated. 
3.4.1 GFP- a -TIP CT reporter was a putative PVC marker 
GONSTl-YFP cells acted as a control in confocal immunofluorescence study. 
GONSTl-YFP colocalized with Golgi marker anti-ManI but separated from PVC 
marker anti-VSRAI-i antibodies. Anti-VSRAT-i antibodies were raised against a truncated 
VSRAT-1 recombinant protein lacking the TMD and CT expressed in drosophila 
melanogaster S2 cells (Li et al” 2002). VSR protein was predominantly concentrated 
on the lytic PVCs and therefore served as lytic PVC marker. As shown in Figure 3.2， 
GFP- a -TIP CT reporter did not colocalized with anti-ManI, but colocalized with 
anti-VSRAT-i antibodies. Thus, GFP- a -TIP CT reporter did not mark Golgi and might 
be a PVC marker in BY-2 cells. 
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The result obtained from wortmannin treatment was another evidence 
demonstrating that GFP- a -TIP CT reporter was a putative PVC marker but not Golgi 
marker. When tobacco BY-2 cells were treated with wortmannin, swelling PVC losing 
its surface plaque and internal vesicles was discovered, while no change was observed 
from Golgi compartment (Tse et al , 2004). Similar results were observed from this 
study. When transgenic cells expressing GFP-BP-80 reporter or GFP- a -TIP CT 
reporter were treated with wortmannin, small vacuoles were observed from both 
markers, while the fluorescent punctate signals remained unchanged in treated 
CONST 1-YFP cells. Would the GFP- a -TIP CT reporter be the same as the lytic PVC 
marker? Further experiments were carried out to address this question. 
3.4.2 GFP- a -TIP marked organelles behaved differently from lytic PVCs 
When wortmannin-treated cells were labeled with anti-VSRAi-i antibodies, 
different degree of colocalization between VSR and the reporters was observed in cells 
expressing GFP- a -TIP CT reporter or lytic PVC marker GFP-BP-80. Organelles 
marked by GFP- a -TIP CT reporter appeared to form less even sizes vacuoles in 
response to wortmannin, where those with smaller sizes were not labeled by 
anti-VSRAT-i antibodies. Calculated results (Table 3.2) supported the idea that there 
might be two populations of organelles marked by the GFP- a -TIP CT reporter. One 
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population was lytic PVC that colocalized with anti-VSRAT-i antibodies, thus there was 
a higher percentage of colocalization between VSR and reporter when the calculation 
was performed from the direction of GFP reporters to total amount of anti-VSRAi-i 
antibodies. The identify of the other population was unknown which was less sensitive 
to wortmannin and did not colocalized with anti-VSRAi-i antibodies, thus gave lower 
percentage of colocalization when the extent of colocalization was calculated from 
anti-VSRAT-i antibodies to total amount of GFP reporters. Furthermore, VSR is a family 
of proteins (Paris et a l , 1997). Several VSR homologues might present in the same 
cells (Paris and Neuhaus, 2002). Thus, anti-VSRAx-i might recognize more than one 
kind of VSR proteins in tobacco cells. The obtained results so far indicated that 
organelles marked by GFP- a -TIP CT reporter could be different from that of 
GFP-BP-80 reporter. 
3.4.3 GFP- a -TIP marked organelles were not lytic PVCs 
Results obtained from BFA treatment provided more information on the identity of 
the GFP- a -TIP CT reporter. BFA inhibited formation of transport vesicles from Golgi 
to ER. This has resulted in redistribution of Golgi enzymes to ER (Sciaky et al., 1997). 
Aggregations of organelles like Golgi compartments to form BFA compartments were 
also reported (Satiat-Jeunemaitre and Hawes, 1994). As shown in Figure 3.6，organelles 
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marked by GFP-BP-80 reporter or GFP- a -TIP CT reporter were generally induced to 
form BFA-induced compartments. 
However, GFP- a -TIP CT reporter and GFP-BP-80 reporter gave distinct response 
to BFA treatment at 5 // g/ml. Organelles marked by GFP- a -TIP CT reporter were 
sensitive to BFA, they first formed ER-networking-like structure and then aggregated 
after 60 min treatment. Such change was not observed in cells expressing GFP-BP-80 
reporter. 
Attachment of a -TIP CT to the reporter containing mutated proaleurain and TMD 
of BP-80 redirected the reporter to PSV bypassing the Golgi complex (Jiang and 
Rogers, 1998). Further studies showed that this reporter was localized to organelle 
marked by dark intrinsic protein (DIP), which may serve as PVCs for ER-derived 
proteins to PSVs (Jiang et al., 2000). Thus, GFP- a -TIP CT reporter marked organelles 
might be another compartment responsible for vesicle formation back to ER. Therefore, 
during the early stage of BFA treatment in this study, GFP- a -TIP CT reporter might 
be trapped and accumulated in ER that appeared as ER-networking like structure. Then, 
organelles marked by GFP- a -TIP CT reporter aggregated to form BFA-induced 
compartment. 
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3.4.4 FM4-64 uptake study reveals a new PVC marker 
By studying the distribution of newly synthesized lysosomal enzymes in normal 
rat kidney cells, early endosomes and late endosomes were found to be involved in 
transport between TGN and lysosomes (Ludwig et al., 1991). Besides received cargo 
from TGN, early endosomes also served as a place for plasma membrane-derived 
vesicles to deliver their content, while late endosomes received cargo from early 
endosomes and then delivered to lysosomes (Le Borgne and Hoflack, 1998). 
In this study, the sequential colocalization of FM4-64 dye with GFP- a -TIP CT 
reporter and GFP-BP-80 reporter suggested that these two reporters marked different 
but related organelles. With reference to mammalian cells, lytic PVC in plant cells 
might function as early endosome (Figure 3.9). This was because it colocalized with 
FM4-64 in early stage of the uptake study, while GFP- a -TIP CT reporter might mark a 
late endosome because it colocalized with FM4-64 at a later stage. This hypothesis 
needs to be confirmed in future study. 
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Figure 3.9. The new model on the hypothesis that distinct PVCs 
exist in the same plant cell. 
GFP-BP-80 reporter marked organelle similar to early endosome in 
mammalian cells, which receives cargo proteins from endocytosis and 
the Golgi, then deliver them to late endosome. GFP- a -TIP CT reporter 
marked organelles similar to late endosome in mammalian cells, which 
receives cargo proteins from ER and early endosome and then deliver to 
central vacuole. 
ER, endoplasmic reticulum; PVC, prevacuolar compartment. 
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4.1 Summary 
4.1.1 Hypothesis 
The plant secretory pathway is complicated due to the existence of two distinct 
vacuoles: lytic vacuole (LV) and protein storage vacuole (PSV) (Jiang and Rogers, 
1998), and multiple vesicular transport pathways leading to these vacuoles (Jiang and 
Rogers, 1999). Since LV and PSV could co-exist in the same plant cell (Hoh et al., 
1995; Paris et a l , 1996)，distinct prevacuolar compartments (PVCs) leading to 
corresponding vacuoles might also exist. Here, I hypothesize that plant cells contain 
two distinct PVCs for LV and PSV respectively. To test this hypothesis, I have 
developed and tested a new marker for putative PVC leading to PSV. 
This research is based on previous study on traffic of integral membrane reporter 
proteins in tobacco cells (Jiang and Rogers, 1998). When a secreted form of mutated 
proaleurain with attachment of transmembrane domain (TMD) and cytoplasmic tail 
(CT) of BP-80 was expressed in tobacco cells, the proaleurain was proteolytically 
processed into mature form and separated from membrane association, which 
presumably occurred in lytic PVC/LV. A recent study demonstrated that this BP-80 
reporter localized to the lytic PVC in transgenic tobacco BY-2 cells (Tse et al., 2004). 
In contrast, when a -TIP CT instead of BP-80 CT was attached to the reporter and 
expressed in tobacco cells, the reporter was redirected to PSV bypassing the Golgi 
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complex (Jiang and Rogers, 1998). In addition, the a-TIP CT reporter was found to 
localized to a putative PVC for PSV, cytosolic dark intrinsic protein organelle, in 
developing seed of tobacco (Jiang et al., 2000). This implied that the a-TIP CT reporter 
might serve as a marker for PVC leading to PSV. Thus, I proposed that this a-TIP CT 
reporter served as marker for PVC leading to PSV when it was expressed in tobacco 
BY-2 cells. 
To test the hypothesis, a new construct linking GFP with TMD of BP-80 and 
a-TIP CT was made and expressed in tobacco BY-2 cells. The subcellular localization 
and dynamic of this a-TIP CT reporter in transgenic BY-2 cells were investigated and 
compared with cells expressing Golgi or lytic PVC marker. The dynamic relationship 
between PVCs and Golgi organelles was also investigated by developing 
double-construct transgenic cell lines co-expressing markers for Golgi and PVC. 
4.1.2 Development of transgenic cell lines 
Single-construct cell lines expressing either GFP-BP-80 reporter or a-TIP CT 
reporter, and double-construct cell lines expressing a Golgi marker with either PVC 
marker have been developed in this study. The expression of transgenes in transgenic 
cell lines was confirmed by the detection of both fluorescent signals under confocal 
microscope and the full-length fusion proteins in western blotting analysis. However, 
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further analysis in double-construct cell lines could not be carried out due to the low 
expression level of GFP reporters. In addition, cell culture study on single-construct cell 
lines showed that 2- to 3-day old cells were most suitable to be used in further 
investigation. Punctate signals observed in transgenic cell lines might represent the 
location of the putative PVC. 
4.1.3 Characterization of organelles marked by GFP- a -TIP CT reporter 
GFP-a-TEP CT reporter exhibited similar but somewhat distinct properties when 
compared with the lytic PVC marker GFP-BP-80 in transgenic tobacco BY-2 cells. 
GFP-a-TDP CT reporter might mark a PVC in BY-2 cells based on the following results 
from this study: 
1. GFP-a-TIP CT reporter displayed punctate pattern under fluorescent and confocal 
microscopy 
2. GFP-a-TIP CT reporter separated from Golgi organelles marked by anti-ManI 
antibodies in confocal immunofluorescence 
3. GFP-a-TIP CT reporter moderately colocalized with PVC marker anti-VSRAi-i 
antibodies in confocal immunofluorescence 
4. GFP-a-TIP CT reporter formed small vacuoles in response to wortmannin 
treatment 
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However, the following evidences from this study also suggested that GFP-a-TIP 
CT reporter marked a distinct PVC that was different from the lytic PVC marked by 
GFP-BP-80 reporter: 
1. When transgenic cells were treated with wortmannin, small vacuoles with identical 
size were detected from cells expressing GFP-BP-80 reporter, but various sizes of 
vacuoles or aggregates were observed from cells expressing GFP-a-TIP CT 
reporter 
2. When wortmannin-treated cells were labeled with anti-VSRAT-i antibodies, high 
degree of colocalization was observed between GFP-BP-80 reporter and VSR 
proteins in tonoplasts of small vacuoles. However, colocalization between VSR 
proteins and GFP-a-TIP CT reporters were only observed in enlarged vacuoles 
containing GFP-a-TIP CT reporters, while small structures containing GFP-a-TIP 
CT reporters remained separated from VSR proteins 
3. Transgenic cells expressing GFP-a-TIP CT reporter and GFP-BP-80 reporter had 
different sensitivity in response to BFA to form BFA-induced compartments, 
where BFA at more than 10 ji g/ml was required for GFP-BP-80 cells but 5 ji g/ml 
was sufficient for GFP-a-TIP cells 
4. In uptake study using FM4-64, GFP-BP-80 reporter colocalized with FM4-64 
internalized structures at an earlier stage, but colocalization occurred at a latter 
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Stage for GFP-a-TIP CT reporter. 
In conclusion, transgenic cell lines expressing the putative PVC marker 
GFP-a-TIP had been generated and studied. Results obtained from current study 
indicated that organelles marked by GFP-a-TIP CT reporter in transgenic tobacco BY-2 
cells might be PVCs because it exhibited similar properties as the lytic PVC marker but 
different from the Golgi marker. However, further BFA treatment and FM4-64 uptake 
studies indicated that the organelles marked by the GFP-a-TEP CT reporter were not 
lytic PVCs. Taken together, these results supported the hypothesis that organelle 
marked by GFP-a-TIP CT reporter might represent a distinct PVC that was different 
from the lytic PVC marked by GFP-BP-80 reporter in BY-2 cells. Further experiments 
are needed to identify organelles containing GFP-a-TIP CT reporter in transgenic BY-2 
cells such as via organelle isolation and electron microscopic immunocytochemistry 
(immunoEM). The ultimate goal is to test whether the organelles marked by GFP-a-TIP 
represent distinct PVC leading to PSV in BY-2 cells. 
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4.2 Future prospects 
Although double-construct cell lines co-expressing both Golgi and PVC markers 
had been developed in this study, further screening for cells giving stronger signals 
from both reporters is needed. In order to tackle with the limitation in confocal 
detection due to the overlap in excitation and emission spectra of GFP and YFP, other 
kinds of fluorescent proteins like enhanced cyan fluorescent protein or red fluorescent 
protein can also be used to replace YFP as reporter. 
To confirm the hypothesis that PVCs marked by GFP-a-TIP CT reporter are 
distinct from lytic PVCs, subcellular fractionation can be done to compare fractions 
containing these two reporters in transgenic BY-2 cells. ImmunoEM can also be 
performed to identify organelles marked by the GFP-a-TIP CT reporter. ImmunoEM 
study can also be carried out to detect morphological changes of organelles marked by 
the GFP-a-TIP CT reporter in response to drug treatment. 
Moreover, double-construct cell line co-expressing the two PVC markers in the 
same transgenic cell can be another way to test the hypothesis of two distinct PVCs. If 
two PVC markers are marking distinct organelles, they will appear separated in the 
transgenic cells. The developed cell line will be a valuable tool to study the dynamic 
relationship between the two PVCs in living cells too. The development of markers for 
two distinct PVCs in the same plant cell will shed lights on our way to understand the 
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pathways leading to the vacuoles. Further studies on the biogenesis of PVCs and 
isolation of PVCs for proteomic analysis to illustrate the molecular components of 
PVCs will contribute unique insights into the plant cell biology. 
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